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1.  Introduction 


Single-event  effects  (SEEs)  occur  when  energetic  ions  pass  through  sensi¬ 
tive  nodes  of  integrated  circuits,  causing  a  loss  of  information  that  can 
have  serious  consequences  for  the  performance  of  a  space  system.  SEEs  in 
integrated  circuits  consist  of  both  single-event  upsets  (SEUs)  and  single¬ 
event  latchups  (SELs).  In  the  case  of  SEUs,  the  information  is  corrupted  by 
the  ion,  but  there  is  generally  little  or  no  permanent  damage  to  the  circuit. 
Single-ion  total-dose  effects  have  been  reported  [1,2],  but  they  are  not  com¬ 
mon.  Generally,  the  circuit  can  continue  to  operate  properly  once  the  upset 
has  been  detected  and  corrected.  Typically,  only  after  many  ions  have 
struck  the  same  region  of  the  circuit  does  damage  affect  the  circuit's  opera¬ 
tion.  SEE  manifests  itself  as  increased  current  flow  and  stuck  bits  that  may 
lead  to  circuit  damage.  If  no  permanent  damage  has  occurred,  SEE  can  be 
corrected  by  removing  power  from  the  system  and  then  turning  it  back  on. 

Special  technologies  and  circuit  designs  are  used  to  improve  a  circuit's  im¬ 
munity  to  SEE.  For  instance,  silicon-on-insulator  technology  hardens  a 
circuit's  immunity  to  SEU  by  limiting  the  amount  of  charge  collected  at  a 
sensitive  node.  It  also  avoids  the  problem  of  SEE  altogether.  Other  ap¬ 
proaches  aimed  at  reducing  a  circuit's  sensitivity  to  SEU  include  adding 
cross-coupled  resistors,  capacitors,  or  transistors  to  increase  the  time 
constants. 

Clearly,  there  is  a  need  for  testing  to  verify  the  SEE  immunity  of  new  de¬ 
signs.  There  is  also  a  need  for  nondestructive  testing  of  devices  that  will 
actually  be  used  in  a  system  to  ensure  SEE  hardness.  Finally,  if  unforeseen 
SEE  phenomena  occur,  a  method  for  identifying  their  origins  would  be  es¬ 
sential  for  their  understanding  and  elimination. 

Accelerator  testing,  where  the  circuit  is  exposed  to  an  ion  beam,  is  the  cur¬ 
rently  accepted  method  for  measuring  SEE  vulnerability.  Circuits  are  char¬ 
acterized  for  their  SEE  sensitivity  by  measuring  the  cross-section  as  a  func¬ 
tion  of  accelerator  ion  linear  energy  transfer  (EET).  In  the  ideal  case  where 
the  sensitive  volumes  in  the  circuit  are  parallelepipeds  with  large  lateral 
dimensions  and  small  depths,  the  cross-section  versus  EET  curve  should 
exhibit  a  step  function  at  a  value  of  EET  for  which  charge  equal  to  the  criti¬ 
cal  charge  is  deposited  in  the  sensitive  volume.  In  many  cases,  the  cross- 
section  rises  gradually  with  EET,  saturating  only  at  very  high  values  of 
EET.  By  performing  a  convolution  of  the  cross-section  versus  EET  curve 
with  models  of  the  radiation  environment,  one  can  calculate  error  rates. 
There  are,  however,  certain  limitations  associated  with  routine  ion-beam 
testing: 

Limited  access.  Relatively  few  facilities  are  available  for  SEE  testing,  and  ex¬ 
isting  facilities  are  heavily  used,  leading  to  significant  delays. 

Damage  to  the  circuit.  The  ion  beam  is  destructive,  imparting  damage  to  the 
circuit  that  ultimately  limits  its  useful  life.  Damage  by  single  ions  is  becom¬ 
ing  more  important  as  the  size  of  the  individual  transistors  decreases. 
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Inconvenient.  Ion-beam  testing  is  inconvenient  for  two  reasons:  (a)  the  de¬ 
vices  must  be  tested  in  a  vacuum,  and  (b)  the  accelerator  is  typically  lo¬ 
cated  far  from  the  chip  manufacturer  or  user. 

Lack  of  spatial  and  temporal  data.  Of  paramount  importance  for  diagnostic 
applications  are  spatial  and  temporal  information  regarding  the  origin  of 
SEE.  Unfortunately,  most  ion-beam  facilities  are  not  set  up  to  do  spatial 
measurements,  and  temporal  measurements  are  even  more  difficult  to  do. 

Expense.  Beam  time  is  expensive,  costing  from  $600  an  hour  at  Brookhaven 
National  Laboratory  (BNL),  including  setup  time,  to  thousands  of  dollars 
per  hour  at  the  Berkeley  Bevatron. 

Inability  of  ions  to  penetrate  thick  dielectric  layers.  Some  chips,  such  as  those 
used  in  multichip  modules,  are  protected  by  thick  dielectric  layers  that 
prevent  low-energy  ions  from  producing  upsets.  For  SEE  testing  of  these 
devices,  it  is  necessary  to  go  to  high-energy  accelerators  such  as  the  Berke¬ 
ley  Bevatron  or  GANIL  in  France,  where  the  costs  are  high  and  the  access 
more  limited. 

Track  structure  differences.  High-energy  cosmic  rays  produce  charge  tracks 
with  much  larger  diameters  than  the  relatively  low-energy  ions  available 
at  accelerators  such  as  BNL.  For  example,  charge  collection  efficiency  from 
charge  tracks  generated  by  ions  with  different  energies  (395  MeV  and 
25  MeV  Cu  ions)  and  the  same  LET  (26  MeV-cm^/ mg)  have  been  modeled 
using  a  computer  and  are  quite  different,  because  of  effects  such  as  Auger 
recombination  and  funneling,  which  depend  on  track  charge  density  [3]. 
Evidently,  low-energy  accelerator  ions  are  an  approximation  to  cosmic  ray 
ions,  although  the  exact  role  played  by  track  structure  is  not  yet  well  un¬ 
derstood,  particularly  in  light  of  the  fact  that  error-rate  predictions  using 
cross-section  versus  LET  curves  for  devices  with  relatively  large  dimen¬ 
sions  agree  quite  well  with  actual  upset  rates  measured  in  space.  However, 
as  the  dimensions  of  transistors  decrease,  the  charge  track  size  is  expected 
to  play  a  more  important  role  in  determining  upset  threshold.  Low-energy 
accelerator  ions  may  not  then  accurately  simulate  the  effects  of  cosmic 
rays. 

Two  alternate  techniques  that  have  been  proposed  for  SEE  testing  are  a 
pulsed  laser  and  californium  (^^^f).  Both  are  being  developed  because  it 
is  hoped  that,  although  accelerator  testing  will  always  be  required,  the  use 
of  the  alternative  method  will  reduce  the  amoimt  of  accelerator  testing  re¬ 
quired  to  screen  and  characterize  devices. 

^^^Cf  decays  spontaneously,  producing  a  spectrum  of  high-energy  par¬ 
ticles  with  energies  centered  around  102.5  and  78.7  MeV  and  with  mean 
masses  of  106.2  and  142.2  amu,  respectively,  as  well  as  alpha  particles  and 
fast  neutrons.  However,  the  range  of  the  fission  ions  is  small  in  silicon  be¬ 
cause  of  their  low  energy  and  large  LET.  In  fact,  it  has  been  shown  that 
^^^Cf  does  not  always  give  reliable  results  for  SEL,  as  the  ions  do  not  pen¬ 
etrate  sufficiently  far  into  silicon  to  trigger  latchup  [4].  In  contrast,  the  en¬ 
ergetic  heavy  ions  in  space  typically  go  right  through  the  circuit  and  easily 


cause  latchup.  A  major  disadvantage  of  is  its  radioactivity,  which  re¬ 
quires  special  safety  precautions  for  health  reasons.  In  this  report  we  will 
not  discuss  further  the  role  of  ^^f  in  SEE  testing. 

An  ion  produces  an  upset  in  a  circuit  if  the  charge  generated  by  the  ion  and 
collected  at  a  sensitive  node  exceeds  the  critical  charge  for  that  node.  Laser 
light  can  also  generate  upsets  in  circuits,  provided  the  photon  energy  is 
larger  than  the  energy  of  the  semiconductor  bandgap.  Under  those  condi¬ 
tions,  the  laser  light  is  absorbed  by  the  semiconductor,  producing  a  track 
of  charge  (electron-hole  pairs).  The  pulsed  laser  offers  the  following  ad¬ 
vantages  for  SEE  testing: 

Nondestructive.  As  long  as  the  intensity  is  below  that  which  produces  melt¬ 
ing  in  the  semiconductor,  there  is  no  permanent  damage  to  the  material  by 
the  laser  light.  All  devices  with  upset  threshold  LETs  below  200  MeV-cm^/ 
mg  that  were  tested  with  the  laser  required  energies  at  most  about  two  or¬ 
ders  less  than  that  required  to  damage  the  material.  Hence,  the  technique 
is  perfectly  suited  for  both  hardness  assurance  measurements  and  for  de¬ 
tailed  investigations  of  effects  that  require  many  hits  to  a  single  area  of  a 
transistor,  such  as  in  charge-collection  measurements  from  test  structures. 
The  technique  can  also  be  used  to  prescreen  circuits  to  make  sure  they  are 
operating  properly  prior  to  traveling  to  an  accelerator  facility,  where  im¬ 
properly  operating  circuits  could  cause  delays  and  additional  expense. 

Relatively  inexpensive.  The  technique  is  relatively  inexpensive,  as  the  laser, 
optical  system,  and  vibration  isolation  table  can  all  be  purchased  for  about 
$150K.  Test  equipment  for  monitoring  upsets  is  not  included  in  the  above 
estimate  because  it  is  also  used  for  accelerator  testing. 

Convenient.  The  technique  is  convenient  because  it  is  totally  compatible 
with  a  fabrication  facility.  There  is  no  ionizing  radiation  threat,  and  the  en¬ 
tire  system  can  be  enclosed  in  a  light-tight  box  to  avoid  the  possibility  of 
eye  damage.  No  vacuum  is  required  for  testing;  the  LET  can  be  changed 
merely  by  changing  the  intensity  of  the  light,  and  setup  time  is  very  short. 

Capable  of  providing  spatial  information.  Because  the  laser  light  can  be  fo¬ 
cused  down  to  a  small  spot  and  positioned  on  a  particular  transistor,  the 
sensitivities  of  individual  transistors  can  be  measured.  For  instance,  in  test¬ 
ing  a  static  random-access  memory  (SRAM)  HM6504  for  latchup,  we 
found  that  the  peripheral  circuitry  was  four  times  more  sensitive  to 
latchup  than  the  memory  cells.  Therefore,  to  reduce  the  latchup  sensitivity 
of  the  device,  the  peripheral  circuitry  should  be  hardened  rather  than  the 
cells  themselves  [5]. 

Capable  of  providing  temporal  information.  By  synchronizing  the  laser  to  the 
circuit  clock,  we  were  able  to  measure  the  timing  dependence  of  upsets  in 
a  logic  circuit.  If  the  pulse  of  laser  light  arrived  at  a  particular  gate  just  as 
the  clock  voltage  was  switching  from  low  to  high,  an  upset  would  occur.  If 
the  light  arrived  after  the  clock  voltage  had  already  switched,  no  upset 
would  occur.  If  it  arrived  before  the  clock  signal,  an  upset  could  occur,  but 
only  at  a  higher  laser  energy.  In  fact,  the  energy  required  to  produce  an 
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upset  depended  on  the  length  of  the  time  interval  between  the  arrival 
times  of  the  laser  light  and  the  clock.  The  greater  that  time  interval,  the 
more  energy  was  required  to  produce  the  upset.  Thus,  there  is  an  upset 
window  whose  width  depends  on  the  LET  of  the  ions.  This  kind  of  data 
has  not  been  obtained  with  an  accelerator,  and  it  illustrates  how  useful  the 
laser  is  for  investigating  SEE  in  logic  circuits  [6]. 

LET  threshold  determination.  In  contrast  to  ion-beam  testing,  it  is  a  simple 
matter  to  determine  the  upset  threshold  with  a  pulsed  laser.  Simply  by 
changing  the  intensity  of  the  light,  we  can  vary  the  LET  and  determine  the 
threshold. 

Adjustable  range.  Energetic  ions  in  space  pass  right  through  a  circuit,  pro¬ 
ducing  a  very  long  track  of  charge.  In  contrast,  low-energy  accelerator  ions 
penetrate  a  relatively  short  distance  into  the  semiconductor.  The  range 
plays  a  role  in  charge  collection  by  devices  manufactured  in  bulk  silicon, 
but  should  be  less  important  for  devices  manufactured  in  thin  epitaxial 
layers,  provided  the  range  is  greater  than  the  thickness  of  the  epitaxial 
layer.  The  range  of  the  laser  light  can  easily  be  adjusted  by  changing  its 
wavelength.  For  instance,  when  devices  are  being  tested  on  thin  epitaxial 
layers,  it  is  not  necessary  to  select  light  that  penetrates  to  distances  of  him- 
dreds  of  microns. 

Accelerator  beam  costs  and  facility  scheduling.  Substitution  of  laser  testing  and 
screening,  as  appropriate,  will  eliminate  the  high  rental  costs  and  schedul¬ 
ing  problems  associated  with  accelerator  testing. 

The  technique  is  not  without  its  own  limitations.  They  include; 

No  absolute  measure  of  SEE  threshold.  Because  light  and  ions  do  not  interact 
in  the  same  way  with  the  semiconductor,  there  are  significant  differences 
in  track  structure.  The  laser  produces  a  charge  track  with  a  Gaussian  radial 
profile  that  decays  exponentially  and  spreads  out  with  distance  from  the 
surface.  In  contrast,  the  radial  charge  density  profile  of  the  track  generated 
by  the  ion  is  much  more  sharply  peaked  at  its  center,  does  not  decay  expo¬ 
nentially,  and  does  not  spread  out  with  distance  from  the  surface.  Differ¬ 
ences  in  track  structure  are  expected  to  manifest  themselves  as  differences 
in  measured  LET  upset  thresholds.  How  the  differences  are  expected  to  af¬ 
fect  the  measurements  of  the  upset  threshold  will  be  described  in  greater 
detail  in  section  3. 

No  direct  measure  of  the  cross-section.  To  calculate  error  rates,  the  variation  of 
the  cross-section  with  LET  must  be  measured.  Using  only  the  threshold 
LET  and  the  limiting  cross-section,  one  may  overestimate  the  error  rate  by 
up  to  an  order  of  magnitude.  One  can  use  the  laser  to  obtain  the  limiting 
cross-section  indirectly  by  identifying  which  nodes  are  sensitive  to  upset 
and  then  using  the  circuit  layout  to  add  up  all  the  sensitive  areas.  This 
method  will  also  be  described  in  section  3. 

Inability  of  the  light  to  penetrate  metal.  An  ion  will  pass  through  metalization, 
but  laser  light  will  not.  For  instance,  in  some  devices,  such  as  the  93L422 


256  X  4  bipolar  SRAM,  the  upset  threshold  varies  across  the  surface  of  the 
sensitive  volume.  If  the  most  sensitive  region  that  corresponds  to  the 
threshold  is  covered  by  metal,  the  laser  will  be  unable  to  measure  the 
threshold.  The  problem  is  exacerbated  in  devices  where  the  sensitive 
nodes  are  completely  covered  by  metal.  As  more  and  more  transistors  are 
incorporated  on  a  single  chip,  greater  use  will  be  made  of  multilevel  inter¬ 
connects  that  cover  SEE-sensitive  areas  on  the  chip.  This  will  severely  limit 
the  usefulness  of  the  technique  with  regard  to  measuring  upset  threshold. 

Clearly,  there  are  both  advantages  and  limitations  to  the  pulsed  laser  tech¬ 
nique.  However,  on  balance,  it  is  a  useful  technique  for  SEE  hardness  as¬ 
surance  testing  and  for  diagnostic  purposes.  It  will  not  replace  ion-beam 
testing,  but  it  will  be  a  complementary  technique  that  wiU  assist  in  charac¬ 
terizing  SEE  in  circuits. 
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2.  Pulsed  Laser  Applications 

The  pulsed  laser  can  be  used  for  SEE  hardness  assurance  testing,  for  diag¬ 
nostic  probing,  and  for  testing  circuits  that  cannot  readily  be  tested  with  an 
ion  beam,  such  as  multichip  modules  covered  with  a  thick  dielectric  layer. 
It  also  has  great  potential  for  testing  SEE  in  microprocessors,  because  both 
spatial  and  temporal  information  is  required  to  evaluate  a  micro¬ 
processor's  SEE  sensitivity. 

2.1  Hardness  Assurance 

SEE  hardness  assurance  involves  measuring  either  every  circuit  or  at  least 
a  representative  number  of  circuits  or  test  structures  to  ascertain  whether 
they  meet  SEE  specifications.  At  present,  if  done  at  all,  hardness  assurance 
is  only  carried  out  on  a  few  representative  circuits  at  an  accelerator  facility 
using  ions  that  produce  a  small  but  finite  amount  of  damage  to  the  circuit. 
The  availability  of  a  nondestructive,  convenient,  inexpensive,  and  rapid 
test  for  hardness  assurance  is  an  attractive  prospect  because  it  would  make 
possible  the  testing  of  large  numbers  of  circuits. 

The  pulsed  laser  technique  is  nondestructive  provided  that  (1)  the  pulse 
energy  needed  to  produce  an  upset  is  less  than  that  required  to  damage 
the  semiconductor  by  melting,  and  (2)  the  photon  energy  is  less  than  that 
needed  for  photon-assisted  tunneling  of  charge  from  the  semiconductor 
into  the  oxide,  where  the  charge  can  become  trapped  and  alter  the  operat¬ 
ing  parameters  of  the  circuit.  In  most  cases  measured  to  date,  even  for 
hardened  devices  with  threshold  LETs  of  approximately  100  MeV-cm^/ 
mg,  the  energy  needed  to  produce  an  upset  is  smaller  than  that  needed  to 
melt  the  semiconductor.  Also,  the  photon  energy  (<2  eV  for  Si)  and  the 
electric  fields  applied  are  sufficiently  small  that  negligible  charge  is  in¬ 
jected  via  photon-assisted  tunneling. 

For  hardness  assurance,  the  laser  beam  is  focused  to  a  spot  with  a  diameter 
on  the  order  of  a  micron,  such  that  only  a  single  transistor  is  probed  at  any 
one  time.  The  upset  threshold  for  that  particular  transistor  can  be  meas¬ 
ured,  but  it  may  not  represent  the  true  upset  threshold  for  the  circuit.  For 
example,  it  has  been  reported  that  SRAM  cells  hardened  with  decoupling 
polysilicon  resistors  have  a  wide  distribution  of  upset  thresholds  caused 
by  a  large,  process-related  variation  in  the  resistivity  of  the  polysilicon  re¬ 
sistors  [7].  For  this  case,  it  is  obviously  necessary  to  measure  a  statistically 
sigmficant  number  of  cell  upset  thresholds  to  obtain  a  measure  of  the  over¬ 
all  SEE  sensitivity.  More  recent  experiments  with  the  pulsed  laser  demon¬ 
strate  that  the  cell-to-cell  upset  threshold  does  not  vary  significantly,  even 
for  memories  with  decoupling  resistors  [8].  (Apparently,  processing- 
related  variations  in  resistor  values  have  been  corrected.) 

Using  the  pulsed  laser,  we  were  able  to  show  that  the  upset  threshold  var¬ 
ies  with  position  in  the  sensitive  areas  of  a  memory  cell,  such  as  the  drain 
of  an  "off"  transistor.  Therefore,  when  memories  are  being  tested,  with  a 
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pulsed  laser  it  is  necessary  to  position  the  laser  spot  in  exactly  the  same 
relative  location  in  each  cell.  Since  only  the  relative  upset  thresholds  are 
important,  it  is  best  to  select  a  location  at  which  the  upset  threshold  is  a 
minimum,  because  that  will  simplify  locating  the  same  relative  spot  in 
each  cell. 

Obviously,  any  variations  in  the  upset  threshold  measured  across  the  wa¬ 
fer  should  be  due  to  variations  in  actual  SEE  threshold  rather  than  varia¬ 
tions  in  other  factors,  such  as  the  amount  of  light  available  for  producing 
upsets.  For  instance,  variations  in  the  openings  in  metal  contacts  on  top  of 
sensitive  drains  that  are  due  to  poor  control  during  processing  can  affect 
the  amount  of  light  available  for  producing  upsets.  For  large-area  devices 
this  has  not  been  a  problem.  However,  for  devices  with  critical  dimensions 
equal  to  or  smaller  than  the  diameter  of  the  focused  laser  spot,  this  may  in 
fact  become  a  problem. 

An  important  point  regarding  hardness  assurance  testing  with  the  laser 
that  needs  stressing  is  that  it  is  not  necessary  that  the  laser  and  ion  LET 
upset  thresholds  give  exactly  the  same  value,  provided  that  (1)  the  relative 
numbers  agree  and  (2)  a  fiduciary  set  of  measurements  exists  for  that  type 
of  circuit,  comparing  ion  and  laser  upset  thresholds.  For  example,  by  test¬ 
ing  a  particular  SRAM  for  SEE  sensitivity  with  both  an  ion  beam  and  a 
pulsed  laser,  the  laser  upset  threshold  can  be  directly  compared  with  the 
ion  beam  upset  threshold.  All  subsequent  measurements  can  then  be  done 
with  the  laser.  Any  variations  in  SEE  threshold  can  be  referred  to  the  ion 
data  for  absolute  values,  provided,  as  pointed  out  previously,  the  varia¬ 
tions  are  not  due  to  effects  unique  to  the  laser  measurements. 

Once  the  initial  investment  has  been  made  in  setting  up  the  system,  the 
cost  of  testing  the  circuits  is  not  large,  especially  if  the  testing  is  automated. 

2.2  Diagnostic  Tests 

For  SEU  diagnostic  testing,  it  is  essential  to  be  able  to  locate  the  origins  of 
upsets  in  both  space  and  time.  The  pulsed  laser  is  ideal  for  that  task  be¬ 
cause  the  light  can  be  focused  down  to  a  small  spot  and  used  to  identify 
SEE-sensitive  transistors.  It  is  possible  to  measure  the  dependence  on  time 
of  the  upset  sensitivity  by  synchronizing  the  circuit  clock  with  the  firing  of 
the  laser,  and  introducing  a  delay  between  the  clock  signal  and  the  arrival 
time  of  the  laser.  Those  transistors  found  to  be  particularly  susceptible  to 
upsets  can  be  redesigned  for  greater  immunity. 

When  a  pulsed  laser  is  used  for  diagnostic  tests,  it  is  usually  not  necessary 
to  measure  upset  threshold  accurately.  A  ballpark  figure  is  frequently  suf¬ 
ficient,  because  faulty  designs  usually  result  in  large  changes  in  SEE 
threshold.  For  instance,  we  tested  a  series  of  registers  in  a  GaAs  logic  cir¬ 
cuit  designed  to  be  immune  to  SEU  and  discovered  that  some  designs 
were  quite  sensitive,  while  others  were  immune.  This  was  of  invaluable 
assistance  to  the  designers  in  selecting  the  design  that  offers  the  most  im¬ 
munity  to  SEU. 
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An  important  application  for  the  pulsed  laser  is  the  generation  of  SRAM 
bit  maps,  which  are  frequently  not  available  from  manufacturers.  Bit  maps 
are  particularly  helpful  in  understanding  multiple  bit  upsets.  For  example, 
we  tested  a  93L422  circuit  that  failed  even  though  error  detection  and  cor¬ 
rection  (EDAC)  had  been  implemented  to  protect  against  SEU.  From  the 
bit  map  we  were  able  to  show  that  certain  bits  from  the  same  word  were 
located  physically  adjacent  to  one  another.  A  single  ion  incident  between 
the  two  cells  could  upset  two  bits  in  the  same  word,  which  could  not  be 
corrected  by  the  EDAC  code.  As  long  as  there  is  some  small  space  open  on 
the  surface  of  the  chip  to  allow  the  light  to  reach  the  silicon,  it  should  be 
possible  to  upset  internal  nodes  and  check  to  see  whether  the  EDAC  is 
working.  This  is  particularly  important  in  sensitive  devices  such  as  dy¬ 
namic  random-access  memories  (DRAMs),  where  a  single  ion  can  produce 
upsets  in  many  adjacent  cells.  By  increasing  the  intensity  of  the  laser  pulse 
until  EDAC  fails,  one  can  estimate  how  well  EDAC  will  work  in  a  particu¬ 
lar  radiation  environment.  EDAC  validation  experiments  are  currently 
being  planned  on  4-Mbit  DRAMs  that  have  very  low  upset  thresholds. 

Accurate  values  for  upset  thresholds  cannot  be  obtained  with  the  pulsed 
laser  for  totally  new  designs.  A  fiduciary  value  must  first  be  obtained  from 
ion-beam  testing  for  calibration  purposes.  The  effect  on  SEE  sensitivity  of 
minor  design  modifications  to  a  circuit  previously  tested  with  both  ion  and 
laser  beams  can  be  evaluated  with  a  laser  beam,  thereby  avoiding  the 
necessity  of  repeating  accelerator  testing. 

Multichip  modules  cannot  be  tested  at  most  accelerators  because  the  di¬ 
electric  layer  that  covers  the  chip  is  too  thick  for  the  relatively  low-energy 
ions  to  penetrate.  SEE  testing,  therefore,  must  be  carried  out  before  the 
chip  has  been  incorporated  into  the  multichip  module  package  at  places 
such  as  the  Berkeley  Bevatron,  Chalk  River,  or  GANIL.  Because  some  of 
the  dielectrics,  such  as  Kapton,  are  transparent,  the  laser  light  is  able  to 
reach  the  circuit.  Pulsed-laser  testing  has  been  used  successfully  to  investi¬ 
gate  SEE  phenomena  in  multichip  modules. 

Another  application  for  the  pulsed  laser  is  software  validation.  Rather  than 
having  to  correct  software  during  a  run  at  an  accelerator  where  costs  are 
considerably  higher,  one  can  use  the  pulsed  laser  to  check  the  software 
before  the  accelerator  testing.  In  one  case  we  tested  a  particularly  SEE- 
sensitive  gate  array  by  irradiating  the  entire  circuit  with  a  defocused  beam 
and  maximum  laser  energy.  Two  different  codes  were  tested,  and  the  most 
suitable  one  for  accelerator  testing  was  identified. 

Recent  results  by  Kim  et  al.  [9]  confirm  that  the  laser  can,  under  certain 
conditions,  be  used  as  an  inexpensive  laboratory  SEU  prescreen  tool.  They 
found  good  agreement  between  the  laser  and  ion-beam  upset  thresholds 
for  two  64K  SRAMs.  The  good  agreement  is  fortuitous,  as  our  results  on  a 
64K  SRAM  suggest,  because  effects  such  as  funneling  (to  be  discussed  in 
the  next  section)  are  quite  different  for  laser  light  and  for  ions.  To  have 
confidence  in  these  measurements,  one  must  first  compare  ion  and  laser 
upset  thresholds  experimentally  to  establish  a  valid  fiduciary  mark.  Then, 
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all  subsequent  laser  measurements  on  the  same  type  of  device  can  be 
compared  to  the  fiduciary  value  to  establish  an  accurate  absolute  upset 
threshold. 

Charge-collection  measurements  on  test  structures  are  invaluable  in  un¬ 
derstanding  the  physics  of  SEU.  The  great  advantage  of  the  laser  for  doing 
charge-collection  measurements  is  that  the  light  does  not  damage  the 
semiconductor,  making  it  possible  to  capture  charge<ollection  waveforms 
using  sampling  oscilloscopes.  Ions,  on  the  other  hand,  damage  the  circuit 
and,  after  a  finite  dose,  the  shape  of  the  charge  collection  pulse  changes. 
Convenience  is  another  factor  that  makes  charge-collection  measurements 
with  a  pulsed  laser  an  attractive  alternative  to  ion-beam  experiments. 
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3.  Comparison  of  Ion  and  Laser-Induced  Upsets 

In  this  section  we  will  compare  charge-collection  mechanisms  for  laser 
light  and  ion-generated  charge  tracks  across  semiconductor  junctions.  We 
will  show  that  differences  in  the  threshold  LETs  measured  by  the  two 
methods  are  due  to  differences  in  the  track  structures.  The  laser-generated 
charge  track  is  much  wider  than  the  ion-generated  charge  track  and 
spreads  out  laterally  as  it  propagates  through  the  semiconductor.  How¬ 
ever,  in  spite  of  these  differences,  a  pulsed  laser  can  still  be  used  for  inves¬ 
tigating  SEE  phenomena  because  relative  upset  values  can  be  measured. 
Pulsed  laser  testing  can  be  used  primarily  as  a  diagnostic  tool  or  as  a  way 
of  assuring  SEE  hardness.  It  cannot  be  used  to  measure  absolute  upset 
thresholds  because  the  upset  energy  does  not  correspond  exactly  to  ion 
LET  for  a  variety  of  reasons  specified  in  subsequent  sections.  Pulsed-laser 
testing  will  not  eliminate  the  need  for  ion-beam  testing.  Its  role  in  SEE  test¬ 
ing  will  be  to  complement  that  of  ion-beam  testing,  particularly  in  the 
areas  of  hardness  assurance  and  diagnostic  evaluation,  thereby  reducing 
the  amount  of  ion-beam  testing. 

3.1  Ion  Charge  Tracks 

When  a  cosmic  ray  ion  passes  through  a  semiconductor,  it  loses  energy  by 
ionizing  (electron-hole  (e-h)  pair  generation)  and  non-ionizing  (lattice 
damage)  processes.  The  energy  lost  per  unit  length  to  ionization  divided 
by  the  material  density  is  defined  as  the  LET,  and  has  been  tabulated  for 
different  ions  as  a  function  of  their  energy.  To  calculate  the  amount  of 
charge  generated  requires  information  on  both  the  variation  of  the  ion's 
LET  with  distance  along  the  track  and  the  energy  it  takes,  on  average,  to 
produce  one  e-h  pair  (3.6  eV  in  Si).  Energy  lost  in  "dead"  layers,  such  as 
passivation  layers,  must  also  be  considered. 

The  amount  of  collected  charge  is  more  difficult  to  calculate.  A  first-order 
approximation  is  obtained  by  taking  the  product  of  the  LET  and  the  width 
of  the  depletion  layer.  However,  effects  such  as  tunneling  and  recombina¬ 
tion  (to  be  described  in  greater  detail  later)  complicate  the  process. 

In  contrast  to  the  relatively  uniform  charge  density  along  the  axis  of  the 
ion-generated  charge  track,  the  radial  density  is  strongly  peaked  at  the 
track's  center  and  falls  off  rapidly  with  distance.  Low-energy  ions  have 
track  diameters  from  about  0.1  to  0.5  |im,  whereas  heavy  energetic  ions 
(GeV)  found  in  cosmic  rays  have  much  larger  tracks  with  diameters  of  up 
to  3  pm.  Using  a  program  called  TRKRAD,  based  on  a  theory  of  Kobetich 
and  Katz,  charge  densities  at  the  center  of  the  track  approach  10^^  cm“^, 
much  larger  than  the  carrier  densities  in  doped  regions  of  typical  semicon¬ 
ductor  devices  [10]. 
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3.2 


Laser  Charge  Tracks 

The  interaction  of  light  with  the  semiconductor  depends  on  the  energy  of 
the  photon  relative  to  that  of  the  bandgap  of  the  semiconductor  which,  in 
the  case  of  Si,  is  1.1  eV.  For  photon  energies  smaller  than  the  bandgap  en¬ 
ergy,  the  light  passes  unattenuated  through  the  semiconductor,  except  for 
reflections  from  the  surfaces.  When  the  photon  energy  is  larger  than  the 
bandgap  energy,  the  light  is  absorbed  and  its  amplitude  decreases  expo¬ 
nentially  with  distance  from  the  surface  (Beer's  law).  By  choosing  the  pho¬ 
ton  energy  close  to  that  of  the  bandgap  (where  the  absorption  is  small),  the 
penetration  depth  can  be  made  large.  Under  those  conditions,  the  charge 
density  in  the  vicinity  of  the  junction,  just  as  in  the  case  of  a  track  produced 
by  a  heavy  ion,  does  not  change  much  with  distance.  One  can  then  use  a 
linear  approximation  to  the  exponential  decay  in  the  vicinity  of  the  junc¬ 
tion  to  calculate  the  amoimt  of  charge  generated  per  unit  length. 

Under  certain  circumstances  it  is  advantageous  to  choose  light  with  pho¬ 
ton  energy  significantly  greater  than  the  silicon  bandgap,  where  the 
absorption  is  large.  For  instance,  at  800  nm,  the  absorption  coefficient  is 
720  cm“^,  giving  a  penetration  depth  of  only  14  pm.  Most  current  devices 
are  manufactured  in  thin  (approximately  10  pm  thick),  epitaxial  silicon 
layers  grown  on  highly  doped  substrates.  Very  little  charge  is  collected 
from  the  substrates  because  of  the  very  short  minority  carrier  lifetime  in 
highly  doped  semiconductor  regions.  Thus,  the  light  need  only  have  a 
penetration  depth  comparable  to  the  thickness  of  the  epitaxial  layer.  These 
results  have  been  confirmed  by  computer  modeling. 

The  light  is  focused  with  a  lens  to  a  small  spot  with  a  diffraction-limited 
diameter  that  depends  on  the  wavelength  of  the  light.  The  resulting  charge 
track  will  be  considerably  wider  than  the  track  produced  by  a  low-energy 
accelerator  ion,  but  not  that  much  different  from  a  high-energy  cosmic  ray 
ion.  However,  the  charge  distribution  will  be  very  different.  Figure  1  com¬ 
pares  the  lateral  charge  track  profile  generated  by  a  1-GeV  Fe  ion  (calcu¬ 
lated  using  TRKRAD)  and  a  Gaussian  laser  beam  with  the  same  incident 
LET.  Although  the  two  tracks  have  comparable  widths,  their  profiles  differ 
significantly.  Therefore,  effects  that  depend  on  charge  density  will  result  in 
different  amounts  of  charge  being  collected  for  the  two  cases. 

The  diameter  {co^)  of  the  diffraction-limited  spot  is  given  by 


(Oo  = 


4-/-A 

tcD 


(1) 


where /is  the  focal  length  of  the  lens,  I  is  the  wavelength  of  light,  and  D  is 
the  diameter  of  the  lens.  For  most  of  our  experiments  we  used  a  40x  lens 
with  a  working  distance  of  3  mm  and  a  diameter  of  4  mm,  giving  a  focused 
spot  with  a  diameter  of  1.0  and  0.8  pm  for  light  with  wavelengths  of  1000 
and  800  nm,  respectively.  This  is  comparable  to  the  diameter  of  the  high- 
energy  ion-generated  charge  track.  If  the  incident  beam  diameter  is  larger 
than  the  diameter  of  the  objective  lens,  the  beam  is  diffracted  and  forms  a 
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Figure  1.  Radial 
charge  density  profile 
for  1-GeV  Fe  ion  and 
pulsed  laser  beam  at 
distance  of  0.125  m 
below  surface. 
Incident  LET  ion  and 
laser  beam  are  the 
same. 
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series  of  Newton  rings  at  the  focus  rather  than  a  smooth  Gaussian  profile. 
By  ensuring  that  the  beam  diameter  is  smaller  than  the  lens  diameter, 
Newton  rings  can  be  minimized.  However,  Newton  rings  should  not  sig¬ 
nificantly  affect  measurements  of  relative  upset  thresholds. 


The  above  calculation  is  for  the  size  of  the  spot  on  the  surface  of  the  semi¬ 
conductor.  It  should  be  pointed  out  that  every  lens  has  a  depth  of  field 
given  by  the  confocal  length,  which  is  the  distance  in  front  of  and  behind 
the  focus  at  which  the  cross-sectional  area  doubles  in  size.  The  confocal 
length,  2,  is  given  by 


where  cOg  is  the  minimum  diameter,  A  is  the  wavelength  of  light,  and  rj  is 
the  index  of  refraction  for  silicon  (ry  =  3.0).  Using  formula  2,  the  confocal 
length  in  silicon  for  our  lens  is  calculated  to  be  about  7  pm  for  light  with  a 
wavelength  of  0.8  pm.  Thus,  at  a  depth  of  7  pm,  the  diameter  of  the  beam 
has  increased  by  a  factor  of  1.41  and  the  charge  density  has  decreased  by  a 
factor  of  2,  neglecting  absorption. 

Figure  2  shows  the  longitudinal  profile  of  the  focused  laser  beam,  as  well 
as  the  confocal  length  and  the  diameter  of  the  focus  spot.  The  light  does 
not  form  a  cone  with  an  infinitely  sharp  point  at  the  focus.  As  can  be  seen 
from  the  figure,  the  wavefront  at  the  focus  is  parallel  to  the  semiconductor 
surface  and  the  wavevector  is  normal  to  the  surface.  One  can  still  use 
Snell's  law  to  calculate  the  divergence  of  the  beam  in  the  far  field.  For  the 
objective  lens  we  used,  the  maximum  angle  to  the  normal  in  the  far  field 
region  is  34°,  resulting  in  a  divergence  angle  of  10°  in  the  silicon.  Both  ab¬ 
sorption  and  spreading  of  the  beam  lead  to  a  reduction  of  the  charge  den¬ 
sity  with  distance  below  the  surface.  The  lower  charge  density  in  the  laser 
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Figure  2.  Shape  of 
focused  laser  beam 
passing  from  air  to 
SiOj  and  then  Si.  (Oq 
is  smallest  spot  size 
determined  by 
diffraction  and  Zq  is 
confocal  length, 
which  is  length  over 
which  beam  area 
doubles  in  size. 
Larger  index  of 
refraction  of  Si  leads 
to  beam  expanding 
more  slowly  in  Si 
than  in  air. 
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track  as  compared  to  the  ion  track  will  affect  the  amount  of  charge  col¬ 
lected  because  tunneling,  the  shunt  effect,  and  Auger  lifetime  all  depend 
on  charge  density.  It  is  not  possible  to  generate  charge  underneath  a  metal 
layer  because  the  large  index  of  refraction  of  silicon  bends  the  light  toward 
the  normal  when  it  enters  the  silicon. 


3.3  Funneling 

When  a  charge  track  with  a  density  greater  than  the  doping  density  of  the 
semiconductor  passes  through  a  junction,  the  electric  field  associated  with 
the  junction  is  distorted,  producing  a  "furmel"  that  gives  rise  to  additional 
charge  collection.  The  track  density  determines  the  length  of  the  funnel 
which,  in  turn,  determines  the  amount  of  extra  charge  collected.  By  show¬ 
ing  experimentally  that  the  amount  of  charge  collected  across  a  diode  junc¬ 
tion  irradiated  with  a  laser  pulse  depends  on  the  total  beam  energy  to  the 
4/3  power  [11],  we  confirmed  that  funneling  plays  a  role  in  charge  collec¬ 
tion  for  both  ions  and  laser  light  [12].  However,  to  see  the  power  depen¬ 
dence  in  devices  with  high  doping  levels  using  the  relatively  wide  laser 
beam,  we  had  to  use  very  high  laser  energies  to  generate  sufficient  charge 
to  exceed  the  background  charge  density.  Obviously,  in  cases  where  fun¬ 
neling  contributes  a  significant  amount  of  charge  to  ion-induced  upsets, 
larger  equivalent  LETs  will  be  needed  for  the  laser.  This  is  one  reason  why 
the  laser  cannot  replace  the  accelerator  for  determining  absolute  values  for 
SEE  threshold. 
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3.4  Shunt  Effect 


Another  effect  modifying  charge  collection,  and  observed  with  ion  beams, 
was  the  "shunt"  effect.  If  a  single  ion  passes  through  two  junctions  in 
series,  e.g.,  n/p  and  p/n,  the  track  of  charge  will  connect  the  two  outer  n- 
regions  via  a  low  resistivity  path  through  the  p-region.  Current  will  then 
flow  between  the  two  outer  regions,  and  the  sign  of  the  charge  collected  at 
a  contact  will  depend  on  the  sign  of  the  voltage.  Using  special  test  struc¬ 
tures,  we  were  able  to  show  that  the  pulsed  laser  could  also  produce  the 
shunt  effect  provided  sufficiently  high  laser  energies  were  used  to  create 
the  charge  track  [4]. 

Additional  evidence  for  the  existence  of  the  shunt  effect  produced  by  the 
laser  was  obtained  during  an  investigation  of  upsets  in  the  SA3300  micro¬ 
processor.  We  found  that  we  could  produce  upsets  in  certain  registers 
when  the  light  was  focused  on  an  "on"  gate.  Normally,  on  gates  are  not 
sensitive  to  SEU.  However,  we  attributed  that  upset  to  a  shunt  produced 
by  the  light  in  which  a  track  of  charge  was  formed  that  shunted  the  drain 
to  the  substrate  through  the  well  [13].  With  the  substrate  at  high  voltage, 
holes  could  flow  along  the  shunt  from  the  substrate  to  the  drain,  thereby 
raising  the  voltage  on  the  drain  and  causing  an  upset. 

Thus,  two  effects  (tunneling  and  the  shunt)  that  are  known  to  control 
charge  collection  from  ion-generated  tracks,  also  play  a  role  in  laser-light¬ 
generated  tracks.  However,  because  both  effects  depend  critically  on  the 
charge  density,  the  upset  thresholds  measured  with  the  laser  will  typically 
be  greater  than  those  measured  with  an  ion  beam. 


3.5  Carrier  Lifetime 


After  the  track  is  formed,  the  charges  spread  out  and  recombine.  As  they 
do  so,  the  funnel  collapses,  and  when  the  track  density  drops  below  that  of 
the  background  carrier  density,  the  funnel  disappears.  Many  factors  influ¬ 
ence  the  carrier  lifetime,  but  at  high  carrier  densities.  Auger  recombination 
dominates.  Auger  recombination  occurs  when  free  electrons  in  the  track 
collide,  resulting  in  one  electron  losing  energy  to  another. 

The  Auger  recombination  time  depends  on  carrier  density  as: 


(3) 


where  rij  is  the  intrinsic  carrier  concentration.  An  is  the  injected  carrier  den¬ 
sity,  and  Tj-  =  4.48  x  10^  s  is  the  intrinsic  Auger  lifetime. 

At  high  densities  the  recombination  time  becomes  very  short,  limiting  the 
amount  of  collected  charge.  In  fact,  the  lifetime  is  on  the  order  of  a  picosec¬ 
ond  when  the  carrier  density  approaches  lO^Vcm^.  Results  from  PADRE, 
a  three-dimensional  computer  code  for  calculating  device  response  to  dis¬ 
turbances  such  as  charge  injected  by  heavy  ions,  show  that  less  than  100 
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percent  of  the  injected  charge  is  actually  collected,  and  that  the  discrep¬ 
ancy  is  largely  due  to  Auger  recombination  [14].  This  effect  is  more  pro¬ 
nounced  for  heavy  ions  that  produce  denser  tracks. 

The  Auger  recombination  time  is  much  shorter  in  an  ion-generated  charge 
track  than  in  the  much  lower  density  track  produced  by  laser  light.  Thus, 
more  charge  is  lost  via  Auger  recombination  in  the  ion  track  than  in  the 
laser-light  charge  track.  Charge  lost  via  Auger  recombination  has  been  ob¬ 
served  experimentally  for  heavy  ion  fission  products  in  surface  barrier  de¬ 
tectors  [15].  Another  study  shows  that  the  amount  of  charge  in  the  track 
lost  to  recombination  depends  on  the  carrier  lifetime  relative  to  the  plasma 
erosion  time. 


dn_^±  C4') 

n  ^  ’ 

where  is  the  plasma  lifetime  and  is  the  recombination  time  [16].  Fur¬ 
thermore,  the  plasma  lifetime  decreases  with  increasing  field  [17].  These 
effects  are  most  easily  studied  with  computer  modeling  because  of  the  dif¬ 
ficulty  of  including  all  the  effects  in  an  analytic  expression. 

Recombination  and  tunneling  tend,  to  a  certain  degree,  to  cancel  each 
other  out.  Thus,  the  differences  in  the  amount  of  charge  collected  by  ions 
and  laser  light  arising  from  differences  in  track  charge  density  are  reduced, 
and  the  threshold  LETs  measured  by  the  two  techniques,  in  some  cases, 
may  not  be  significantly  different.  In  fact,  in  a  recent  publication  Gossett 
and  Johnston  show,  using  PISCES  calculations,  that,  for  lightly  doped  ma¬ 
terials,  the  differences  in  charge  collection  between  tracks  from  ions  and 
laser  light  are  small  [18].  The  differences  become  more  significant  for  more 
highly  doped  materials. 

3.6  Diffusion 

High-energy  cosmic  rays  pass  right  through  a  circuit,  producing  very  long 
charge  tracks.  Charge  generated  within  a  diffusion  length  of  a  junction  in  a 
bulk  device  will  also  be  collected,  supplementing  the  charge  collected  by 
drift.  Therefore,  for  accurate  accelerator  testing,  it  is  necessary  to  choose 
ions  that  have  sufficient  energy  to  penetrate  to  a  distance  beyond  the  junc¬ 
tion  comparable  to  the  diffusion  length.  Using  laser  light  to  generate 
charge  tracks  that  penetrate  beyond  the  junction  is  a  simple  matter  of  se¬ 
lecting  the  right  wavelength.  In  the  case  of  silicon  devices,  the  l.Ob-pm  out¬ 
put  of  a  Nd:YAG  laser  has  a  penetration  depth  of  a  few  hundred  microns, 
well  beyond  typical  junction  depths. 

As  pointed  out  earlier,  most  devices  are  currently  made  in  epitaxial  silicon 
layers  deposited  on  highly  doped  substrates.  Charge  collection  from 
highly  doped  substrates  is  significantly  reduced  because  the  diffusion 
length  L  is  proportional  to  where  /i  is  the  mobility  and  r  is  the  life¬ 

time.  At  a  density  of  >10^^/ cm^,  /r  is  reduced  by  a  factor  of  about  5  and  z is 
reduced  by  a  factor  of  more  than  100,  so  that  the  total  charge  collected  by 
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diffusion  from  the  highly  doped  substrate  is  reduced  by  more  than  an  or¬ 
der  of  magnitude  and  can  be  neglected.  Therefore,  only  charge  generated 
in  the  epitaxial  region  need  be  considered. 

3.7  Generation  Time 

Another  difference  between  ions  and  laser  light  is  the  time  it  takes  to  gen¬ 
erate  the  charge  track.  In  the  case  of  the  ion,  the  track  is  generated  in  less 
than  a  picosecond.  On  the  other  hand,  the  time  for  the  charge  to  be  gener¬ 
ated  with  the  laser  light  is  determined  by  the  length  of  the  laser  pulse.  The 
laser  we  used  for  our  experiments  had  a  pulse  length  of  30  ps.  There  are 
lasers  currently  available  with  pulse  lengths  in  the  femtosecond  range  that 
should  more  closely  match  the  generation  time  for  the  ion.  TIowever,  it  is 
not  necessary  to  go  to  such  short  pulse  lengths.  As  long  as  the  pulse  length 
is  shorter  than  the  response  time  of  the  circuit,  one  can  ignore  the  differ¬ 
ences  between  the  charge  generation  times  for  ions  and  laser  light.  It  is 
worth  noting  that  very  short  laser  pulses  result  in  higher  laser  intensities, 
which,  as  pointed  out  later  in  this  report,  lead  to  nonlinear  effects.  For  de¬ 
vices  currently  in  use,  it  is  the  total  integrated  charge  that  is  the  relevant 
factor  determining  upsets,  and  the  actual  time  evolution  is  not  important. 
This  was  confirmed  by  charge-collection  measurements  made  on  test 
structures  with  heavy  ions,  which  showed  rise  times  typically  on  the  order 
of  50  to  100  ps,  and  decay  times  of  a  few  hundred  picoseconds  [19]. 
Charge-collection  times  for  fast  devices,  such  as  GaAs-based  structures, 
will  be  much  shorter,  and  it  may  be  necessary  to  use  a  laser  with  a  shorter 
pulse  length. 

3.8  Reflections 

The  amount  of  light  contributing  to  charge  generation  will  be  determined 
by  reflections  off  the  front  surface  of  the  semiconductor.  For  a  bare  silicon 
surface  and  at  low  light  intensities,  the  reflection  R  for  normal  incidence  is 
given  by 


R  = 


|2 


77  +  1 


(5) 


where  rj  is  the  wavelength-dependent  index  of  refraction  of  silicon;  it  has 
been  tabulated  in  the  literature  [20].  As  pointed  out  in  section  3.2,  it  is  not 
necessary  to  consider  light  that  is  not  normal  to  the  surface,  and  equation 
(5)  is  suitable  for  calculating  the  total  amount  of  light  reflected. 

If  the  Si  surface  is  covered  with  a  dielectric,  the  reflection  will  depend  on 
the  index  of  refraction  of  the  dielectric,  as  well  as  its  thickness.  If  the  index 
of  refraction  of  the  dielectric  equals  the  square  root  of  that  of  Si,  depending 
on  the  thickness,  the  dielectric  can  act  either  as  an  antireflection  coating, 
permitting  all  the  light  to  enter  the  semiconductor,  or  alternatively,  as  a  re¬ 
flecting  coating,  permitting  very  little  light  to  enter  the  semiconductor.  We 
have  calculated  the  maximum  and  minimum  amount  of  light  reflected 
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from  a  Si  surface  covered  with  Si02  and  found  that  the  variation  in 
reflectivity  as  a  function  of  Si02  thickness  is  no  more  than  5  percent.  This 
has  important  ramifications  for  hardness  assurance  because  any  variations 
in  the  amount  of  charge  needed  to  upset  different  cells  should  be  due  to 
variations  in  SEE  immunity  rather  than  variations  in  the  amount  of  light 
reflected  from  a  Si  surface  covered  with  a  layer  of  Si02  whose  thickness 
can  vary  because  of  poor  process  control  during  manufacture. 

Reflections  from  the  back  surface  that  may  contribute  to  multiple  upsets  or 
add  to  the  amount  of  charge  generated  in  a  particular  junction  should  typi¬ 
cally  be  of  no  concern  because  the  light  is  diverging  and  the  back  surface  is 
usually  rough.  Both  of  these  factors  contribute  to  the  reduction  of  the  light 
intensity  by  orders  of  magnitude  by  the  time  it  again  reaches  junctions 
near  the  front  surface. 

3.9  Cross-Section 

The  SEU  cross-section  is  obtained  from  ion  data  by  counting  the  number  of 
upsets  per  unit  fluence  at  high  LETs.  The  pulsed  laser  does  not  give  SEU 
cross-sections  directly  because  the  beam  probes  only  a  very  localized  area, 
and  because  parts  of  the  sensitive  regions  are  covered  with  metal,  which 
prevents  the  light  from  reaching  the  silicon.  There  is,  however,  an  indirect 
way  of  measuring  the  asymptotic  cross-section  with  the  laser  by  first  deter¬ 
mining  which  transistors  are  sensitive  and  then  multiplying  their  sensitive 
areas  by  the  total  number  of  such  transistors.  This  has  been  done  for  an 
analog  circuit,  and  the  cross-section  obtained  from  ion-beam  experiments 
(7  X  10"^  cm^)  agreed  remarkably  well  with  that  obtained  using  the  tech¬ 
nique  described  above  (6  x  10“^  cm^)  [21].  Care  should  be  taken  to  include 
all  the  sensitive  areas  in  trying  to  determine  total  SEU  cross-section.  For 
instance,  when  testing  an  SRAM,  one  should  include  not  only  the  memory 
cells,  but  also  the  control  circuitry  around  the  edge  of  the  chip. 

3.10  Nonlinear  Effects 

High  laser-light  intensities  used  for  testing  circuits  with  high  LET  upset 
thresholds  lead  to  additional  absorption  mechanisms  that  modify  the  rela¬ 
tionship  between  light  intensity  and  carrier  density.  In  addition,  highly 
doped  regions  in  the  semiconductor  modify  the  amount  of  charge  gener¬ 
ated  by  the  light.  Consequently,  if  one  wishes  to  calculate  the  LET  for  laser 
light,  one  must  consider  the  contributions  to  the  absorption  by  these  other 
mechanisms.  Nonlinear  effects  must  also  be  considered  for  hardness  as¬ 
surance  measurements.  For  example,  if  the  doping  of  an  n-well  in  a  silicon 
transistor  is  increased,  the  w-well  may  be  only  slightly  affected  because 
neither  the  junction  capacitance  nor  the  resistance  will  change,  but  the 
amount  of  charge  generated  by  the  laser  light  will  be  altered,  particularly  if 
light  with  photon  energy  close  to  the  bandgap  of  silicon  is  used.  We  will 
discuss  briefly  the  role  played  by  nonlinear  effects. 
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Some  of  the  possible  mechanisms  that  may  lead  to  nonlinear  effects  are 

[22] 

•  two-photon  absorption, 

•  free-carrier  absorption, 

•  bandgap  narrowing,  and 

•  lattice  heating. 

3.10.1  Two-Photon  Absorption 

Absorption  by  both  one-  and  two-photon  processes  is  governed  by  the  fol¬ 
lowing  equation: 


where  I  is  the  intensity  of  the  light,  a  is  the  linear  absorption  coefficient  and 
P  is  the  nonlinear  two-photon  absorption  coefficient.  At  a  wavelength  of 
1.06  |im,  the  value  of  a  for  Si  is  10  cm~^  and  P=  30  cm/ GW.  For  an  LET  of 
10  MeV-cm^/mg  and  a  pulse  length  of  30  ps,  is  0.075  GW/cm^.  Nonlin¬ 
ear  absorption  has  a  magnitude  of  about  1  percent  of  the  linear  absorption, 
and  can  be  ignored.  At  higher  LETs  the  differences  become  more  pro¬ 
nounced,  approaching  25  percent  at  an  LET  of  100  MeV-cm^/ mg.  Clearly, 
any  calculation  of  equivalent  LET  for  laser  light  must,  at  high  energies, 
take  nonlinear  effects  into  account.  By  using  equation  (4),  the  effects  of 
two-photon  absorption  can  be  included  in  the  calculation  of  LET. 

However,  as  pointed  out  previously,  it  is  not  necessary  to  use  light  with  a 
wavelength  of  1.06  gm  because,  in  most  devices,  the  light  only  needs  to 
generate  charge  near  the  surface.  By  selecting  a  wavelength  of  850  nm,  a 
increases  to  400  cm“^,  whereas  /x  barely  changes,  so  that  the  nonlinear  con¬ 
tribution  (P/  a)  is  reduced  by  a  factor  of  40  and  can  be  ignored. 

3.10.2  Free-Carrier  Absorption 

Light  can  also  be  absorbed  by  free  carriers  in  highly  doped  regions.  The  ef¬ 
fect  only  becomes  important  when  the  plasma  frequency  is  comparable  to 
or  greater  than  the  frequency  of  the  light  (10^^  s“^).  Using  the  formula  for 
the  plasma  frequency. 


Ne^ 

rtfEgSy 


(7) 


where  N  is  the  carrier  density,  m*  is  the  carrier  effective  mass,  e  is  the  elec¬ 
tron  charge,  is  the  permittivity,  and  is  the  dielectric  constant,  one  ob¬ 
tains  a  plasma  frequency  of  10^'^  s“^  (for  a  carrier  density  of  10^^ /cm^), 
which  is  much  less  than  the  frequency  of  light  [23].  Free-carrier  absorption 
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is  negligible  and  can  be  ignored.  One  must  have  carrier  densities  at  least 
two  orders  of  magnitude  greater  to  experience  any  appreciable  free-carrier 
absorption. 

The  same  analysis  applies  to  absorption  by  carriers  generated  by  the  laser 
light,  i.e.,  the  leading  edge  of  the  laser  pulse  generates  carriers  that  can  ab¬ 
sorb  light  from  the  trailing  edge  of  the  pulse.  We  find  that  there  is  negli¬ 
gible  free-carrier  absorption  for  light  up  to  incident  equivalent  LETs  well 
above  100  MeV-cm^/mg,  particularly  if  light  with  a  wavelength  of  850  nm 
is  selected. 


3.10.3  Bandgap  Narrowing 

The  energy  bandgap  depends  on  the  carrier  density  through  two  effects — 
bandgap  renormalization  and  the  Burstein-Mott  shift.  High  doping  levels 
reduce  the  bandgap  through  bandgap  renormalization,  whereas  the 
Burstein-Mott  shift  increases  the  effective  bandgap  because  carriers  at  the 
bottom  of  the  conduction  band  in  n-type  material  fill  up  states  that  are 
then  not  available  for  electron  transitions  from  the  valence  band.  In  silicon, 
the  net  effect  of  bandgap  renormalization  and  the  Burstein-Mott  shift  is  to 
reduce  the  bandgap  and,  thus,  increase  the  absorption  as  the  carrier  den¬ 
sity  increases. 

Figure  3  shows  the  effects  of  both  bandgap  narrowing  and  free-carrier  ab¬ 
sorption  [24].  By  selecting  a  wavelength  of  850  nm,  one  can  see  from  the 
figure  that  the  absorption  coefficient  does  not  change  with  carrier  density. 


Figure  3.  Absorption 
coefficient  for  Si  as 
function  of  photon 
energy,  taking  both 
free  carrier  absorption 
and  bandgap 
narrowing  into 
account.  [From  A.  H. 
Johnson,  IEEE  Trans. 
Nucl.  Sci.  NS-40, 1694 
(1993).] 


23 


This  is  another  reason  why,  for  most  devices,  it  is  better  to  use  light  with  a 
wavelength  of  850  nm. 


3.10.4  Lattice  Heating 

Some  fraction  of  the  absorbed  light  will  be  converted  to  heat,  leading  to  an 
increase  in  the  lattice  temperature  and  a  change  in  the  energy  gap  of  the 
semiconductor.  In  fact,  as  the  temperature  increases,  the  bandgaps  of  both 
Si  and  GaAs  get  smaller,  resulting  in  an  increase  in  the  absorption.  An 
analysis  of  this  problem  would  require  considerable  effort.  However,  we 
have  found  experimentally  that  Si  melts  only  when  more  than  two  orders 
of  magnitude  more  energy  is  deposited  in  the  material  than  what  we  used 
to  upset  the  most  immune  circuits  (LET  =  120  MeV-cm^/mg),  which  we 
tested  with  1.06-|xm  light.  Consequently,  lattice  heating  effects  can  safely 
be  neglected. 

3.11  Calculation  of  Laser  LET 

In  this  section  we  outline  the  calculation  for  converting  laser  energy  ab¬ 
sorbed  to  LET  for  comparison  with  ions.  The  calculation  assumes  that  the 
linear  energy  density  of  charge  created  by  the  laser  light  and  the  ion  beam 
are  equal,  that  the  absorption  coefficient  is  a  constant  with  distance  into 
the  semiconductor,  and  that  nonlinear  effects  can  be  neglected.  For 
strongly  absorbed  light,  the  calculation  must  be  modified  and  the  intensity 
of  the  light  must  be  integrated  over  the  appropriate  distance  to  obtain  the 
total  amount  of  charge  deposited. 

Assume  that  the  pulse  of  light  has  energy  /  (Joules)  where  1  MeV  =  1.6  x 
10“^^  J.  If  R  is  the  fraction  of  light  reflected  from  the  surface  of  the  chip, 
then  the  amount  of  energy  entering  the  silicon  is 

(l  -  r)j 

=  ^ - ^MeV  .  (8) 

1.6x10"^^ 

According  to  Beer's  Law,  the  intensity  of  light  I(x)  in  an  absorbing  medium 
decreases  exponentially  with  distance  (x)  from  the  surface  (x  =  0)  accord¬ 
ing  to 


/(x)  =  V-«^  .  (9) 

Assuming  a  small  absorption  constant,  the  change  in  intensity  near  the 
surface  is  given  by 

4- ^  =  4- V""""  =  4(1  -l  +  ocx]  =  IgOoc  .  (10) 

Therefore,  since  1^  is  proportional  to  E^,  substituting  from  equation  (8) 
for  Ig  in  equation  (10),  we  obtain 


1.6  X  10“^^ 


(11) 
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(12) 


Now,  is  the  linear  density  of  e-h  pairs  by  the  laser  and  is  given  by 

Jl-R^ 

^  1.6xlO“^^Es; 


where  Eg;  is  the  photon  energy  required  to  generate  one  e-h  pair.  For  an  ion 
of  energy  E  impinging  on  a  material  of  density  r,  the  LET  is  given  by 

LET  =  ^^  (13) 

P  ax 

Therefore, 

^  =  pLET  .  (14) 


N  ,  the  number  of  e-h  pairs  produced  per  unit  length,  is  given  by 


N-  -  1  ^  ^  LET 

' ''ion  p .  a-y  V .  ^ 

‘-ton  ‘-ton 


(15) 


where  E^^^  =  3.6  eV. 


By  equating  with  Ny  we  obtain 


pLET 

Efon  1.6  X  lO’^^Eg; 


(16) 


and  finally 


LET  = 


(l 

pl.6  X  lO'^^E 


(17) 


Si 


If  the  values  listed  in  table  1  are  used  for  Si,  one  can  express  the  LET  as 

LET  =  0.0527/(MeV-cm2/mg)  (18) 

where  /  is  in  picojoules. 

At  higher  photon  energies  where  the  absorption  is  much  larger,  the  inten¬ 
sity  changes  rapidly  with  distance  and  an  integral  form  of  the  equation 
must  be  used.  Modifying  the  equation  is  simple  and  the  details  will  not  be 
presented  here. 


Table  1.  Values  used 
in  calculation  of  LET. 


Symbol 

Value 

^ion 

3.6  eV 

Esi 

1.1  eV 

a 

10  cm”^ 

P 

2330  mg/cm^ 

R 

0 
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4.  Equipment  and  Procedure 

In  this  section  we  describe  how  measurements  of  SEE  sensitivity  are  car¬ 
ried  out  and  what  equipment  is  necessary  for  doing  the  measurements.  We 
also  include  a  discussion  on  what  measurements  can  be  automated. 

4.1  Equipment 

Figure  4  shows  the  layout  of  the  system  used  to  test  circuits  for  SEEs.  Table 
2  lists  the  components  necessary  for  SEE  testing  with  a  pulsed  laser,  sug¬ 
gested  manufacturers,  and  their  approximate  costs.  There  are  alternatives 
to  the  manufacturers  and  they  can  be  foimd  in  optics  trade  journals  such  as 
Laser  Focus  World. 


Figure  4.  Schematic  of 
equipment  needed  for 
pulsed  laser  SEE 
testing. 


Monitor 


Energy  meter  Computer 


Table  2.  List  of 
equipment  needed  for 
SEE  testing. 


Equipment 

Manufacturer 

Cost  ($K) 

Optical  table 

Newport 

10 

Pulsed  Nd:YAG  (30  ps) 

Continuum 

65 

Dye  laser  (for  testing  GaAs) 

Continuum 

25 

Ar  ion-pumped  Ti:sapphire  laser 

Coherent 

127.5 

X-Y  stage 

Aerotech 

15 

Energy  meter  and  probe 

Laser  Precision 

5 

Electronic  shutter 

Melles  Griot 

0.5 

Charge-coupled  device  camera 

Pulinex 

1 

Black  and  white  monitor 

Sony 

0.55 

Achromatic  microscopic 
objective  lens  (80x,  NA  =  0.75) 

Olympus 

5.8 

Mirrors 

Newport 

0.1 

Neutral  density  filters  (set) 

Newport 

0.9 

Half-wave  plate 

Special  Optics 

0.5 

Polarizers  (2) 

Special  Optics 

1 

Computer 

Any  brand 

2 

Stands/holders 

Newport 

1 
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Table  2  shows  that  the  entire  test  setup  can  be  purchased  for  around  $135K 
including  the  dye  laser  and  about  $170K  if  the  Ti:sapphire  laser  is  used. 
Although  this  is  a  sizeable  investment,  there  is  very  little  cost  involved  in 
running  and  maintaining  the  system  other  than  personnel  costs.  Tests  are 
very  simple  to  run  and  the  only  extensive  training  needed  is  for  maintain¬ 
ing  the  laser. 

Vibration-isolation  table.  The  entire  pulsed  laser  system,  apart  from  the  laser 
power  supply,  should  be  mounted  on  a  vibration-isolated  optical  table  be¬ 
cause  the  slightest  movement  of  the  chip  with  respect  to  the  beam  can  alter 
the  value  of  the  upset  energy  being  measured.  A  table  with  dimensions  8  by  6 
ft  and  supported  by  air-filled  shock  absorbers  provides  sufficient  space  and 
isolation  for  the  laser,  optics,  and  stages.  By  securely  mounting  everything  to 
the  table,  one  can  minimize  the  effects  of  vibration. 

Pulsed  laser.  A  source  of  pulsed  laser  light  is  necessary  for  producing  up¬ 
sets.  Laser  specifications  for  doing  SEE  testing  include 

•  pulse  length  significantly  shorter  than  the  response  time  of  the  circuit, 

•  photon  energy  larger  than  the  senaiconductor  bandgap,  and 

•  pulse  energy  sufficient  to  produce  upsets  in  hardened  devices. 

There  are  two  laser  systems  available  for  doing  SEE  testing  that  meet  the 
above  requirements: 

•  pulsed  picosecond  dye  laser  pumped  with  a  Nd:YAG  laser,  and 

•  Ti:sapphire  laser  pumped  with  an  argon  laser. 

(All  our  work  was  done  with  the  NdiYAG  pumped  dye  laser  or  just  the 
Nd:YAG  laser  by  itself.)  Both  laser  systems  provide  tunable  sources  of 
light,  although  their  operations  are  quite  different.  The  Tirsapphire  laser  is 
by  far  the  simpler  system  to  use  because  one  does  not  have  to  bother  with 
regular  changing  of  dyes — a  messy  and  time-consuming  task.  As  previ¬ 
ously  pointed  out,  testing  epilayer  Si  devices  should  be  done  with  light 
with  a  wavelength  of  850  nm  to  minimize  non-linear  effects  arising  from 
two-photon  absorption,  bandgap  renormalization,  and  free-carrier  absorp¬ 
tion.  An  additional  advantage  of  using  light  at  that  wavelength  is  a  smaller 
spot  size. 

The  Nd:YAG/dye  laser  operates  at  10  Hz  with  pulse  lengths  of  30  ps, 
whereas  the  Ti:sapphire  operates  in  the  megahertz  range  and  can  supply 
pulses  down  to  femtoseconds  in  length.  Both  types  of  lasers  have  suffi¬ 
cient  energy  per  pulse  to  produce  upsets  in  circuits  that  will  upset  when 
exposed  to  cosmic  ray  ions.  For  most  measurements,  neutral  density  fil¬ 
ters  are  required  to  attenuate  the  beam  energy  to  values  close  to  upset 
threshold. 

The  beam  exiting  the  dye  laser  diverges  relatively  rapidly  so  that  either  a 
collimator  must  be  used  to  produce  a  non-diverging  beam  of  light,  or  the 
device  to  be  tested  must  be  located  as  close  as  possible  to  the  dye  laser 
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beam  exit.  This  is  because  a  beam  with  a  diameter  larger  than  the  aperture 
of  the  focusing  lens  will  be  degraded  by  the  lens,  resulting  in  interference 
fringes  on  the  circuit  being  tested.  The  interference  pattern  consists  of  an 
Airy  disk  and  rings.  Whether  these  have  much  effect  on  the  amount  of 
charge  collected  and,  thus,  on  the  measured  upset  threshold  has  not  yet 
been  established. 

The  Nd:YAG/dye  laser  fires  at  a  rate  of  10  Hz,  which  is  convenient  for  do¬ 
ing  upset  measurements.  It  can  also  be  run  in  the  single  shot  mode,  but  the 
pulse  energy  varies  widely,  making  it  difficult  to  measure  exact  upset 
thresholds.  We  have  found  that  the  most  convenient  way  of  doing  the 
measurements  is  to  let  the  laser  run  at  10  Hz  and  use  an  electronic  shutter 
controlled  either  by  hand  or  by  a  computer  and  set  to  a  shutter  speed  of 
1/15  s  to  allow  only  a  single  pulse  through  at  any  time.  The  circuit  can 
then  be  monitored  by  the  operator  or  computer  to  determine  whether  an 
upset  has  occurred.  If  an  aperture  is  not  used,  the  laser  pulses  striking  the 
circuit  at  a  rate  of  10  Hz  arrive  at  a  rate  too  fast  for  an  operator  to  manually 
adjust  the  system  and  record  the  data.  In  that  case,  a  computer  will  be  re¬ 
quired  to  determine  upset,  measure  the  energy,  and  reset  the  system. 

The  argon/Ti:sapphire  laser  can  be  run  in  the  kilohertz  range,  which  re¬ 
quires  a  fast  circuit  tester  to  test  for  upsets.  Current  memory  testers  can 
easily  test  at  this  rate. 

When  using  the  Nd:YAG  laser  for  SEE  testing,  one  must  take  care  to  en¬ 
sure  that  the  measurements  are  not  affected  by  two  factors  associated  with 
the  laser.  The  first  is  the  emission  of  RE  noise  by  the  electronics  that  control 
the  firing  of  the  laser.  A  high-voltage  pulse  is  used  to  trigger  the  Pockel  cell 
and,  if  proper  care  is  not  exercised,  the  associated  RE  noise  can  be  picked 
up  by  cables  connecting  the  chip  to  the  test  equipment  and  induce  upsets 
by  adding  to  the  amount  of  charge  collected.  Two  solutions  to  this  problem 
are  shielding  and  separating  the  circuit  being  tested  from  the  laser  by  a 
large  distance,  on  the  order  of  25  ft.  Shielding  has  proven  effective  in  some 
of  our  experiments.  Strategies  include  shielding  the  cables,  using  twisted 
cables,  using  push-pull  control  lines  and,  in  an  extreme  case,  constructing 
a  Earaday  cage  and  isolating  the  circuit  and  all  the  test  equipment.  The  sec¬ 
ond  solution  means  that  all  the  equipment  cannot  be  mounted  on  a  single 
isolation  table,  so  vibrations  may  become  a  problem.  Also,  a  beam  collima¬ 
tor  will  be  needed  to  maintain  the  beam  diameter  over  the  long  distance. 
The  second  problem  with  the  laser  is  that  if  the  voltage  to  the  flashlamps  is 
not  properly  adjusted,  double  pulses,  separated  by  microseconds,  may  be 
emitted.  The  double  pulses  have,  in  the  past,  caused  confusion.  When  test¬ 
ing  an  SRAM,  we  found  that,  at  energies  considerably  above  the  threshold, 
the  circuit  would  not  upset,  and  we  attributed  it  to  the  fact  that  the  first 
pulse  produced  an  upset,  and  the  second  pulse  switched  the  circuit  back  to 
its  original  state,  with  the  result  that  no  upset  was  observed. 

The  Nd:YAG/ dye  laser  system  can  also  be  used  to  test  GaAs  circuits  be¬ 
cause  the  photon  energy  can  be  tuned  to  values  close  to  the  bandgap  en¬ 
ergy  of  GaAs.  Eigure  5  shows  the  absorption  as  a  function  of  wavelength 


Figure  5.  Energy 
dependence  of 
absorption 
coefficients  for  both 
(a)  n-  and  (b)  p-type 
GaAs  as  function  of 
doping. 


for  both  n-  and  p-GaAs  [25].  In  the  vicinity  of  the  bandgap  energy  of  GaAs, 
the  absorption  is  a  strong  function  of  carrier  density  due  to  bandgap 
renormalization,  free  carrier  absorption,  and  the  Burstein-Mott  shift.  If  a 
photon  energy  of  1.6  eV  is  selected,  the  penetration  depth  is  about  1  pm, 
which  has  proved  to  be  suitable  for  metal-semiconductor  field-effect  tran¬ 
sistor  (MESFET),  modulation-doped  FET  (MODFET)  and  heterojunction 
bipolar  FET  (HBT)  technology,  where  all  the  action  occurs  near  the  surface. 
Of  the  two  types  of  lasers,  Ti:sapphire  is  more  attractive  because  maintain¬ 
ing  and  aligning  the  dye  laser  is  a  more  tedious  and  time-consuming 
procedure. 
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It  should  be  pointed  out  that  semiconductor  bandgaps  are  sensitive  to  tem¬ 
perature,  generally  decreasing  with  increasing  temperature.  We  have 
found  that  some  GaAs  circuits  run  very  hot,  and  by  selecting  wavelengths 
where  the  photons  have  much  larger  energies  than  the  bandgap  energy, 
changes  in  temperature  will  not  affect  absorption. 

X-Y  stage.  For  testing,  the  circuit  is  moved  until  the  sensitive  node  is  posi¬ 
tioned  in  the  beam.  An  X-Y  stage  with  O.l-pm  step  size  is  necessary  for  ac¬ 
curate  positioning  of  the  circuit  in  the  beam.  This  is  particularly  important 
when  the  dimensions  of  the  sensitive  areas  are  close  to  the  diameter  of  the 
beam,  because,  if  the  step  size  is  too  large,  it  will  be  extremely  difficult  to 
position  the  beam  optimally.  By  cormecting  a  computer  to  the  stage  con¬ 
troller,  it  is  possible  to  generate  contour  plots  of  upset  sensitivity  versus 
position.  It  is  essential  that  there  be  very  little  backlash  in  the  X  and  Y 
stages  when  doing  contour  plots. 

Energy  meter.  The  energy  needed  to  produce  an  upset  is  measured  with  an 
uncalibrated  energy  probe  and  meter.  A  beam  splitter  in  the  form  of  a  thin 
piece  of  glass  is  set  in  the  beam  at  a  45°  angle,  and  about  5  percent  of  every 
pulse  is  directed  at  the  probe.  In  this  way,  the  energy  of  each  pulse  is 
known  to  within  a  calibration  factor  that  is  determined  either  before  or  af¬ 
ter  the  measurement.  The  calibration  factor  is  calculated  by  placing  a  cali¬ 
brated  probe  in  the  beam  where  the  chip  would  be  and  comparing  the  ab¬ 
solute  value  measured  with  the  calibrated  probe  to  that  measured  by  the 
noncalibrated  probe.  The  energy  meter  has  an  RS232  connection  for  trans¬ 
ferring  the  energy  readings  to  a  computer.  Clearly,  the  computer  can  be 
used  to  simplify  data  acquisition  by  automating  the  system.  This  will  be 
described  in  more  detail  later. 

Electronic  shutter.  For  reliable  measurements,  we  used  an  electronic  shut¬ 
ter  set  to  1/15  s  to  allow  only  a  single  pulse  to  reach  the  circuit  being 
tested.  Since  the  shutter  was  electronically  controlled  with  transistor- 
transistor  logic  (TTL)  devices,  it  could  also  be  computer  controlled.  As 
pointed  out  previously,  we  have  found  that  running  the  laser  at  10  Hz  and 
using  a  shutter  to  allow  only  one  pulse  at  a  time  to  reach  the  circuit  gives 
better  results  because  the  pulse  energy  does  not  vary  widely  when  the 
laser  is  run  at  10  Hz.  This  makes  it  possible  to  do  rapid  and  accurate  meas¬ 
urements  of  upset  threshold. 

Attenuator.  Measurements  of  SEE  threshold  are  done  by  exposing  the  sen¬ 
sitive  area  on  the  circuit  to  a  low-energy  beam  and  increasing  the  energy 
until  upsets  are  registered.  The  LET  can  then  be  calculated  knowing  the 
absorption  coefficient  of  the  light  and  the  energy  in  the  pulse.  Thus,  the 
LET  can  be  changed  by  varying  the  wavelength  or  intensity  of  the  light.  In 
most  experiments,  the  wavelength  is  fixed  by  the  requirement  that  the 
light  should  have  a  penetration  depth  much  larger  than  the  junction 
depths.  Thus,  to  change  the  LET,  the  beam  energy  is  changed.  We  have 
tried  various  techniques  to  control  the  pulse  energy,  including  a  wheel 
with  an  exponentially  varying  optical  density  around  the  circumference 
and  discrete  neutral  density  filters.  However,  both  these  schemes  proved 


unsatisfactory  because  rotating  the  wheel  or  changing  the  number  of  neu¬ 
tral  density  filters  caused  a  slight  movement  of  the  beam  relative  to  the 
chip.  The  most  effective  technique  that  did  not  move  the  beam  involved 
the  use  of  a  half-wave  plate  sandwiched  between  two  polarizers.  Rotating 
the  half-wave  plate  to  vary  the  transmitted  intensity  caused  no  shift  in  the 
beam.  In  an  automated  system,  a  motor  could  be  used  to  rotate  the  half¬ 
wave  plate. 

Charge-coupled  device  (CCD)  camera  and  monitor.  In  order  to  position  the 
laser  on  the  SEE-sensitive  area  of  the  circuit,  it  is  necessary  to  be  able  to 
view  the  circuit  and  laser  beam  simultaneously.  In  our  system  we  used 
part  of  a  microscope  housing  that  contains  all  the  components  necessary 
for  illuminating  and  viewing  the  circuit,  as  well  as  for  focusing  the  beam 
on  the  circuit.  The  laser  light  is  directed  along  the  axis  of  the  microscope 
housing,  at  the  end  of  which  is  an  objective  lens  for  focusing  the  light.  At¬ 
tached  to  the  housing  are  a  lamp  and  an  eyepiece.  The  light  from  the  lamp 
is  directed  onto  the  circuit  by  means  of  a  beam  splitter  situated  along  the 
axis  of  the  microscope  housing.  Another  beam  splitter  directs  the  light  re¬ 
flected  from  the  circuit  into  the  eyepiece  for  viewing.  It  is  not  absolutely 
necessary  to  use  a  microscope  housing.  The  same  setup  can  be  achieved 
with  beam  splitters  and  lenses,  as  indicated  schematically  in  the  layout  of 
the  equipment.  A  problem  with  the  illuminator  does  arise  when  testing 
DRAMs  that  are  extremely  sensitive  to  light.  Some  DRAMs  are  so  sensitive 
that  even  room  lights  will  cause  them  to  upset.  In  that  case,  the  illuminator 
must  be  turned  off  when  doing  the  measurement.  Periodically,  the  light 
should  be  turned  back  on  to  check  for  proper  focus. 

A  CCD  camera  was  positioned  at  the  eyepiece  because  the  high  energy  in 
each  laser  pulse  makes  it  extremely  dangerous  to  look  directly  into  the 
eyepiece.  The  CCD  camera  is  attached  to  a  monitor  that  displays  the  circuit 
and  the  laser  spot  focused  on  the  circuit.  If  a  picture  is  needed  of  the  area 
of  the  circuit  being  tested,  a  frame  grabbing  program  can  be  used  that  will 
show,  for  every  measurement  made,  the  location  of  the  laser  beam  on  the 
circuit.  When  testing  sensitive  DRAMs,  so  little  light  is  needed  to  produce 
an  upset  that  the  beam  is  not  visible  on  the  monitor.  In  addition,  the  illumi¬ 
nator  must  be  turned  off  because  its  light  can  also  produce  upsets.  Under 
those  circumstances,  one  is  working  most  of  the  time  in  the  dark,  and  the 
illuminator  must  occasionally  be  turned  on  and  the  light  intensity  in¬ 
creased  so  that  its  image  becomes  visible  on  the  monitor  to  ensure  that  the 
beam  is  still  in  focus. 

Objective  lens.  The  laser  light  is  focused  by  an  objective  lens  onto  the  cir¬ 
cuit.  The  diffraction-limited  size  of  the  beam,  given  by  equation  (1),  shows 
that,  to  obtain  a  small  spot  size,  one  needs  a  beam  with  a  small /number 
(f/D)  and  a  small  wavelength.  The  wavelength  is,  to  a  large  extent,  fixed  by 
the  semiconductor  properties,  so  the  only  parameter  left  to  select  is  the/ 
number  of  the  lens.  For  instance,  in  our  case,  when  using  the  1.06-gm  laser 
light,  and  a  lens  with  an/number  of  0.75  (magnification  of  40x  and  a  work¬ 
ing  distance  of  3  mm)  the  minimum  spot  size  is  1.0  pm.  For  light  with  a 
wavelength  of  850  nm,  the  spot  size  would  be  only  0.85  pm  in  diameter.  It 
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is  very  difficult  to  make  lenses  with  high  magnification  that  have  smaller 
/numbers.  When  using  1.06-|im  wavelength  light,  one  must  consider  the 
problem  of  chromatic  aberration,  where  light  with  different  wavelengths 
has  different  focal  lengths.  Chromatic  aberration  results  in  either  the  cir¬ 
cuit  or  the  laser  light  being  in  focus,  but  not  both  at  the  same  time. 

The  usual  solution  is  to  use  achromatic  objective  lenses  that  compensate 
for  the  wavelength-dependence  of  the  focal  length,  and  the  lens  listed  in 
table  2  and  manufactured  by  Olympus  is  one  possibility.  The  high  cost  of 
that  lens  is  due  to  the  fact  that  most  achromatic  lenses  work  only  over  a 
limited  range  and  do  not  cover  the  visible  and  IR  portions  of  the  spectrum 
simultaneously.  Another  alternative  is  to  use  reflecting  instead  of  refract¬ 
ing  optics.  A  Casegrain-type  reflecting  mirror  system,  consisting  of  a  large 
concave  mirror  with  a  hole  in  the  middle,  through  which  the  laser  light 
passes  before  being  reflected  off  a  convex  mirror  back  onto  the  concave 
mirror,  can  be  used  to  focus  the  light.  However,  the  system  proved  unsat¬ 
isfactory  because  the  quality  of  the  image  was  poor  and  light  leaked 
around  the  small  mirror,  making  it  a  problem  to  obtain  small  spot  sizes. 

Since  we  did  not  know  about  the  achromatic  lens  from  Olympus,  we  were 
forced  to  use  a  technique  that  involved  focusing  the  beam  on  some  flat 
metal  portion  of  the  circuit  and  marking  the  spot  on  the  monitor's  surface 
with  ink.  Then,  we  refocused  and  moved  the  circuit  until  the  ink  spot  was 
located  on  the  region  we  wished  to  test.  We  then  refocused  the  laser  spot 
and  measured  the  upset  levels.  At  850  nm,  one  can  use  a  normal  micro¬ 
scopic  objective  lens  because  the  Si  CCD  camera  will  image  both  the  circuit 
and  the  light  spot  with  little  distortion  due  to  achromaticity,  especially  if  a 
low-bandpass  filter  is  used  in  front  of  the  camera  that  transmits  light  with 
a  wavelength  longer  than  800  nm.  This  is  ideal  for  our  applications,  be¬ 
cause  SEE  laser  testing  requires  viewing  the  circuit  and  the  laser  light  si¬ 
multaneously  so  that  the  light  spot  can  be  accurately  positioned. 

Magnification.  The  total  magnification  achieved  is  the  product  of  the 
magnifications  of  the  objective  and  eyepiece  lenses.  We  typically  used  a 
40x  objective  lens  and  a  20x  eyepiece  lens  for  a  total  of  800x.  In  some  cases, 
we  used  a  150x  objective  lens  and  a  20x  eyepiece  lens,  which  gave  a  total 
magnification  of  3000x. 

Automatic  focus  system.  To  correct  for  any  movements  of  the  chip  with 
respect  to  the  objective  lens,  one  should  use  an  automatic  focus  system. 
This  is  especially  critical  when  using  a  lens  with  a  very  short  working  dis¬ 
tance,  because  the  slightest  movement  of  the  chip  with  respect  to  the  objec¬ 
tive  lens  results  in  a  defocused  image.  Sockets  for  chips  are  frequently 
mounted  on  flexible  boards  with  heavy  cables  attached.  The  slightest 
change  in  tension  will  result  in  the  image  of  the  circuit  becoming 
defocused.  Our  system  does  not  yet  contain  an  automatic  focusing  feature, 
forcing  us  to  rely  on  manual  focusing  when  the  image  on  the  screen  begins 
to  become  fuzzy.  We  are  not  sure  how  well  an  automatic  system  would 
work,  considering  that  high-magnification  objective  lenses  have  a  smaller 
depth  of  field  than  the  distances  between  valleys  and  peaks,  characteristic 
of  the  circuit  topology. 


Sockets.  Finally,  the  sockets  themselves  may  inhibit  SEE  laser  testing  be¬ 
cause  they  are  so  constructed  as  to  prevent  the  objective  lens  from  being 
positioned  close  to  the  chip  surface.  Modifications  to  the  sockets  are  then 
necessary. 

4.2  Test  Procedure 

Before  testing  a  circuit  for  SEE,  one  must  be  familiar  with  the  function  and 
layout  of  the  chip.  For  example,  in  the  case  of  SRAMs,  the  sensitive  areas 
are  the  drains  of  the  four  transistors  (two  cross-coupled  inverters).  It  is  im¬ 
portant  to  know  where  the  drains  are  located,  their  size,  and  whether  or 
not  they  are  covered  with  metal.  Although  tests  can  be  done  without  de¬ 
tailed  Imowledge  of  the  circuit  layout,  having  the  necessary  information 
has  proven  to  be  most  useful. 

The  test  equipment  necessary  for  conducting  laser  SEE  testing  should  be 
capable  of  exercising  the  device  under  test  (DUT).  For  an  SRAM,  this  is 
done  by  having  the  test  equipment  write  a  pattern  to  the  chip  and  then 
read  the  pattern,  comparing  the  new  pattern  to  the  old  one.  If  the  new  pat¬ 
tern  differs  from  the  old  one,  an  upset  has  occurred.  The  program  must  be 
able  to  identify  the  location  of  the  upset  and  then  be  able  to  scan  only  the 
particular  cell  being  irradiated  with  the  laser  light.  An  additional  feature 
necessary  for  SEE  testing  is  a  latchup  monitor  that  signals  a  sudden  in¬ 
crease  in  either  standby  or  active  current.  Tests  for  multiple  upsets  should 
also  be  included  in  the  software  for  the  electronic  tester. 

The  method  for  doing  SEE  measurements  is  outlined  below; 

(1)  The  chip  is  delidded  and  mounted  securely  in  a  socket  attached  to  the  X-Y 
stage. 

(2)  The  objective  lens  is  adjusted  vmtil  the  chip  and  the  laser  spot  are  in  focus. 

(3)  The  stages  are  moved  until  the  light  is  positioned  on  a  sensitive  node  of  the 
circuit. 

(4)  The  laser  pulse  energy  is  increased  to  a  level  much  greater  than  that 
needed  to  produce  an  upset  by  rotating  the  half-wave  plate.  The  electronic 
shutter  is  kept  open.  The  memory  tester  then  supplies  the  address  of  the 
cell  being  upset. 

(5)  All  subsequent  measurements  on  that  cell  are  done  by  electronically 
strobing  just  that  address.  A  "0"  or  a  "1"  is  stored  in  the  cell,  the  cell  is  irra¬ 
diated,  then  it  is  read  and  compared  to  what  was  stored.  If  the  information 
has  changed,  an  upset  is  registered  with  a  beep  and  the  original  informa¬ 
tion  is  again  stored  in  the  cell.  A  beep  is  more  convenient  than  a  message 
on  a  monitor. 

(6)  The  area  most  sensitive  to  SEE  is  identified  by  reducing  the  laser  intensity 
and  moving  the  laser  spot  around  in  the  sensitive  area  until  the  location 
that  requires  the  least  amount  of  energy  to  upset  is  identified. 
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(7)  The  next  step  is  to  determine  accurately  the  upset  threshold.  Part  of  the 
light  is  split  off  by  a  beam  splitter  and  its  energy  determined  with  a  probe 
and  an  energy  meter.  The  readings  on  the  meter  are  recorded  together 
with  the  information  about  whether  or  not  an  upset  occurred.  In  this  way 
it  is  a  simple  matter  to  bracket  the  upset  threshold. 

(8)  After  the  measurements  are  done,  the  energy  meter  is  calibrated  by  meas¬ 
uring  the  energy  at  the  location  of  the  chip  with  a  calibrated  probe  and 
comparing  it  to  the  value  of  the  energy  measured  by  the  meter  used  dur¬ 
ing  the  experiment.  With  that  information,  the  actual  energy  incident  on 
the  chip  can  be  obtained. 

(9)  The  final  step  is  to  convert  the  energy  to  an  LET  by  measuring  the  amount 
of  energy  lost  due  to  reflections  from  the  surface  and  subtracting  that  from 
the  incident  energy.  The  LET  is  then  calculated  by  the  method  outlined  in 
section  3.10. 

.3  System  Automation 

An  automated  system  is  required  for  volume  testing.  Automation  is 
achieved  by  having  the  computer  perform  as  many  of  the  tasks  as  possible. 
This  would  involve  having  the  computer 

•  loaded  with  the  energy  range  to  be  scanned, 

•  loaded  with  the  coordinates  of  the  regions  to  be  tested, 

•  record  the  location  of  the  beam, 

•  focus  the  laser  beam, 

•  select  an  energy  below  that  for  upsets  by  rotating  the  half-wave  plate, 

•  open  the  shutter  and  permit  one  pulse  to  pass, 

•  record  the  energy  of  the  pulse, 

•  note  whether  an  upset  has  occurred  by  getting  the  information  from  the 
tester, 

•  increase  the  energy  by  rotating  the  half-wave  plate  a  fixed  amount  if  no 
upset  has  occurred, 

•  retest  for  upsets, 

•  reduce  the  energy  if  upsets  occurred,  or  increase  the  energy  if  none 
occurred, 

•  move  to  the  next  position,  and 

•  repeat  the  measurements. 


5.  Correlation  and  Calibration 


5.1  Correlation 

A  series  of  experiments  on  complementary  metal-oxide  semiconductor 
(CMOS)  SRAMs  and  a  bipolar  logic  circuit  was  carried  out  to  determine 
whether  the  pulsed  laser  could  actually  give  consistent  and  repeatable  val¬ 
ues  for  upset  thresholds,  and  whether  those  thresholds  could  be  correlated 
with  ion  LET  thresholds.  We  foimd  that  the  SRAMs  had  upset  LET  values 
(calculated  from  the  energy  deposited  by  the  laser  beam)  about  50  percent 
higher  than  the  equivalent  ion  upset  LETs,  whereas  the  bipolar  logic  cir¬ 
cuits'  upset  values  were  about  35  percent  higher  than  the  values  measured 
with  an  ion  beam.  We  also  found  that  the  relative  upset  values  of  the 
SRAMs  as  measured  with  the  laser  agreed  very  well  with  the  relative  up¬ 
set  thresholds  measured  with  an  ion  beam  and  published  in  the  literature. 
This  is  strong  evidence  that  the  laser  can  be  used  for  quantitative  measure¬ 
ments  of  LET  thresholds  for  SEE,  provided  a  fiduciary  value  has  been  ob¬ 
tained  with  an  ion  beam. 

For  our  experiments  we  used  a  series  of  4K  SRAMs  manufactured  by  Har¬ 
ris  Semiconductor  and  D-type  flip-flops  manufactured  by  Texas  Instru¬ 
ments,  for  which  ion  upset  data  were  available  in  the  literature.  The  sensi¬ 
tive  areas  were  large  and  mostly  free  of  metal,  which  simplified  testing. 
Three  types  of  SRAMs  with  varying  degrees  of  immunity  to  SEU  and  SEL 
were  selected.  They  were 

•  HM6504 — a  commercial  device  that  was  not  hardened  to  SEE, 

•  HM6504RH — contained  epitaxial  layer  that  eliminated  SEL,  and 

•  HM6504RRH — epitaxial  layer  and  cross-coupled  resistors  that  eliminated 
both  SELF  and  SEL. 

The  laser  was  used  to  measure  the  upset  thresholds  of  the  four  transistors 
in  the  SRAM  cell.  First  a  "0"  was  loaded  in  the  cell  being  tested  and  the 
light  focused  in  turn  on  the  drains  of  the  sensitive  n-  and  p-channel  transis¬ 
tors.  Next,  the  cell  was  loaded  with  a  "1"  and  the  upset  thresholds  of  the 
two  remaining  transistors  were  measured.  Table  3  shows  the  results  of  our 
laser  measurements.  The  upset  threshold  of  the  p-channel  transistors  was 
about  33  percent  higher  than  that  of  the  n-channel  transistors  for  the 
HM6504.  Thus,  the  upset  value  for  the  n-channel  transistors  determine  the 
upset  level  for  the  circuit  as  a  whole.  The  data  show  that  the  latchup  level 


Table  3.  Upset  and 
latchup  thresholds 
for  memory  cells. 


Device 

Upset  energy 
(MeV-cm^/mg) 

Latchup  energy 
(MeV-cm^/ mg) 

”2 

Pi 

Vl 

CeU 

Periphery 

HM6504 

15 

17 

21 

23 

51 

15 

HM6504RH 

54 

X 

X 

X 

No  upset 

No  upset 

HM6504RRH 

195 

X 

X 

X 

No  upset 

No  upset 
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is  about  50  percent  greater  than  the  upset  level.  However,  when  testing  the 
device  we  found  that  the  relative  latchup  level  of  the  cell  was  about  four 
times  greater  than  the  reported  value.  We  tested  other  parts  of  the  circuit 
and  found  that  the  periphery  was  more  sensitive  to  latchup  than  the 
memory  cells  with  the  relative  values  agreeing  well  with  the  ion  data. 
Thus  we  determined  that  it  was  the  periphery  circuitry  rather  than  the 
memory  cells  that  dominate  the  SEL.  Our  work  on  the  HM6504RH  and 
HM6504RRH  was  not  as  extensive  and  shows  only  the  data  for  one  transis¬ 
tor  in  each  cell.  These  results  demonstrate  the  usefulness  of  the  technique 
in  being  able  to  identify  the  location  of  SEE. 

At  this  point  it  is  only  possible  to  speculate  as  to  why  the  upset  threshold 
measured  with  the  laser  is  50  percent  higher  than  that  measured  at  an 
accelerator.  Not  knowing  the  doping  levels  in  the  device,  we  were  unable 
to  quantify  the  role  of  funneling  in  determining  the  upset  level.  If  funnel- 
ing  did  indeed  contribute  to  charge  collection  in  these  devices,  it  was 
expected  that  the  laser  upset  threshold  would  be  greater  than  the  ion  up¬ 
set  threshold. 

The  variations  in  the  upset  threshold  from  transistor  to  transistor  and  from 
cell  to  cell  were  due  to  the  fact  that  the  laser  spot  was  not  always  posi¬ 
tioned  in  the  exact  same  relative  position  in  each  cell.  We  will  discuss  this 
point  in  more  detail  in  section  6.4. 

Table  4  shows  the  upset  thresholds  reported  in  the  literature  for  the 
same  device  types  [26].  The  value  for  the  HM6504RRH  is  a  lower  limit 
because  ions  with  higher  LETs  and  longer  ranges  were  not  available  to 
the  experimenters. 

Table  5  is  a  compilation  of  all  the  above  data  after  normalization  to  the  up¬ 
set  levels  of  the  HM6504  unhardened  device.  One  sees  excellent  agreement 
between  the  relative  values  of  LET  thresholds  measured  by  the  ion  and  the 
pulsed  laser.  Furthermore,  the  upset  values  measured  for  different  n- 
channel  transistors  in  the  commercial  devices  differed  by  just  a  few 
percent. 

Similar  measurements  were  carried  out  for  the  two  bipolar  D-type  flip- 
flops — 54ALS374  and  54S374.  Table  6  shows  the  ion  and  laser  data  for  the 
two  devices.  All  six  of  the  transistors  in  the  54ALS374  were  tested,  the 
most  sensitive  one  identified,  and  the  values  noted.  The  same  was  done  for 
the  54S374  circuit,  although  its  layout  was  quite  different.  The  results  again 
display  remarkable  agreement  between  the  relative  upset  values.  How¬ 
ever,  the  upset  thresholds  measured  by  the  laser  were  only  about  30  per¬ 
cent  greater  than  the  values  determined  by  ions.  The  differences  between 
the  CMOS  and  bipolar  devices  may  be  attributed  to  differences  in  the 
amount  of  light  lost  through  reflection,  differences  in  doping  levels,  and 
differences  between  device  structure.  Nevertheless,  the  relative  values  are 
what  is  important  and  they  show  very  good  agreement. 

The  above  results  show  remarkably  good  agreement  between  the  relative 
upset  levels  measured  by  ions  and  laser  light,  suggesting  that  the  tech- 


Table  4.  Published 
upset  and  latchup 
LET  values. 


Device 

Upset  energy 
(Mev-cm^/mg) 

Latchup  energy 
(Mev-cm^/mg) 

HM6504 

10 

13 

HM6504RH 

35 

No  latchup 

HM6504RRH 

>80 

No  latchup 

Table  5.  Comparison  Device 

Upset 

Upset 

Latchup 

Latchup 

of  ion  and  laser  upset 

(ion) 

(laser) 

(ion) 

(laser) 

values. 

HM6504 

1 

1 

1.3 

1.5 

HM6504RH 

3.5 

3.6 

No 

No 

HM6504RRH 

>8 

13 

No 

No 

Table  6.  Ion  and  laser 
upset  LETs  for  two 
bipolar  devices. 


Ions 

Laser 

Device 

Upset  LET 

Normalized 

Upset  LET 

Normalized 

(MeV-cm^/mg) 

values 

(MeV-cm^/ mg) 

values 

54ALS374 

5 

1 

6.5 

1 

54S374 

15 

3 

19.6 

3 

nique  would  be  suitable  for  SEE  hardness  assurance.  The  results  also  show 
that  one  cannot  use  the  laser  to  determine  absolute  upset  thresholds.  A 
fiduciary  measurement  is  first  needed  to  establish  the  upset  level  against 
which  all  subsequent  laser  measurements  can  be  compared. 

5.2  Calibration 

If  a  pulsed  laser  is  to  be  used  for  SEE  hardness  assurance  measurements,  a 
calibration  procedure  will  be  required  to  establish  a  fiduciary  mark  against 
which  subsequent  measurements  can  be  compared.  The  procedure  would 
involve  first  testing  a  circuit  for  SEE  with  a  pulsed  laser  to  determine  the 
upset  levels.  Doing  the  laser  testing  first  avoids  ion  damage  to  the  circuit 
that  can  affect  the  laser  results.  After  the  pulsed  laser  measurements  have 
been  done,  the  device  should  be  tested  at  an  accelerator  facility  with  ions 
to  determine  the  actual  LET  at  which  upset  occurs.  All  subsequent  laser 
measurements  can  then  be  compared  to  the  ion  results  and  any  variations 
noted.  If  variations  are  observed,  one  must  ascertain  whether  or  not  the 
variations  are  due  to  factors  that  affect  the  SEE  threshold.  This  may  be 
done  by  querying  the  device  manufacturer  for  information  concerning 
production  changes,  or  another  round  of  ion  testing  may  have  to  be  carried 
out.  For  instance,  if  the  thickness  of  an  oxide  layer  over  a  sensitive  region 
changes  due  to  a  process  modification,  the  threshold  measured  with  the 
laser  could  be  altered,  whereas  that  measured  with  an  ion  beam  would  re¬ 
main  unchanged.  Having  determined  the  cause  of  the  variation  in  the  SEE 
threshold,  we  then  proceeded  with  the  laser  testing. 
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6.  Case  Studies 


We  present  four  case  studies  to  illustrate  the  usefulness  of  the  pulsed  laser 
for  SEE  testing.  These  four  cases  demonstrate  the  fact  that  the  pulsed  laser 
can  provide  useful  information  that  is  either  difficult  or  impossible  to  ob¬ 
tain  from  accelerator  testing. 

In  the  first  case  [27],  we  tested  a  64K  SRAM  and  found 

•  Threshold  measurements — demonstrated  that  one  can  determine  cell-to- 
cell  variations  in  SEU  threshold. 

•  Spatial  effects — when  the  beam  was  positioned  outside  a  sensitive  drain, 
upsets  could  still  be  produced,  but  whether  an  upset  occurred  depended 
on  the  data  in  the  cell  and  the  location  of  the  laser  beam.  These  factors  af¬ 
fect  the  shape  of  the  cross-section  versus  LET  curve. 

•  Multiple  upsets — the  occurrence  of  upsets  from  a  single  laser  pulse  in 
more  than  one  cell  depended  on  the  information  stored  in  the  cells. 

•  Timing  effects — if  the  pulse  arrived  when  the  voltage  on  the  pass  transis¬ 
tors  was  high,  no  upsets  occurred. 

In  the  second  case  [3],  we  tested  a  GaAs  logic  circuit  and  found 

•  Timing  effects — upsets  occurred  if  the  laser  light  arrived  during  a  time 
interval  just  prior  to  the  arrival  of  the  clock  signal.  This  time  period  depended 
on  the  energy  of  the  laser  and  was  termed  "window  of  vulnerability." 

•  Logic  gate  effects — not  only  registers  but  also  logic  gates  are  sensitive  to 
upsets. 

In  the  third  case  [5],  we  tested  the  registers  of  a  logic  circuit  and  formd 

•  Relatively  good  agreement  between  the  relative  laser  and  ion  upset 
thresholds. 

•  An  "on"  transistor  that  was  sensitive  to  SEU  by  the  "shunt"  mechanism. 

In  the  fourth  case,  we  measured  the  cell-to-cell  and  intracell  upset  thresh¬ 
old  uniformities  in  both  bipolar  and  CMOS  memory  chips  and  found 

•  The  intracell  variation  in  the  upset  threshold  is  much  larger  than  the  inter¬ 
cell  variation. 

•  The  pulsed  laser  can  be  used  for  hardness  assurance  at  least  for  devices 
with  large  open  areas  that  permit  the  light  to  reach  the  sensitive  junctions. 
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6.1 


64K  SRAM 


6.1.1  Upset  Threshold  Measurements 

We  tested  a  64K  SRAM  with  the  pulsed  laser  to  determine  the  limits  of  the 
technique.  The  openings  on  the  drains  were  comparable  to  the  size  of  the 
beam — about  1  pm — ^which  meant  that  it  was  extremely  important  to  posi¬ 
tion  the  spot  accurately  on  the  openings  to  obtain  consistent  results.  To  do 
this  we  used  a  computer-controlled  X-Y  stage  with  a  step  size  of  0.1  pm. 
Table  7  shows  the  results  of  upset  thresholds  measured  for  the  four  tran¬ 
sistors  in  four  different  memory  cells.  One  can  see  fairly  good  agreement 
from  cell  to  cell  between  the  corresponding  upset  values,  suggesting  the 
use  of  the  pulsed  laser  for  automated  hardness  assurance  screening.  All 
the  values  are  normalized  to  that  for  the  ni  transistor  of  cell  275.  Evidently, 
not  all  the  upset  thresholds  for  the  same  type  of  transistor  are  the  same. 
We  did  determine  whether  the  variations  in  SEU  thresholds  measured 
with  the  laser  truly  reflect  the  actual  ion  SEU  thresholds  or  if  the  variations 
are  due  to  processing  differences  that  affect  the  amount  of  light  entering 
the  silicon  at  each  memory  cell. 

During  our  measurements  we  noticed  two  thresholds,  a  lower  threshold 
Ej^  below  which  there  were  no  upsets,  and  an  upper  one  above  which 
there  were  also  no  upsets;  i.e.,  upsets  occurred  only  when  the  laser  energy 
was  between  and  E^.  At  the  time  we  were  unsure  of  an  explanation  and 
speculated  that  the  second  threshold  was  the  result  of  charge  diffusing 
over  to  an  adjacent  transistor.  With  energy  larger  than  E^,  the  laser  light 
could  produce  an  upset  in,  for  example,  the  drain  of  a  sensitive  n-channel 
transistor.  If  the  energy  exceeded  Ejj,  the  transistor  being  probed  would 
upset  but  some  of  the  charge  deposited  in  the  substrate  below  the  drain 
would  diffuse  over  to  the  adjacent  n-channel  transistor,  which  had  become 
sensitive  following  the  upset  of  the  transistor  being  probed.  If  the  amount 
of  charge  that  reached  the  drain  of  the  adjacent  transistor  was  sufficient,  it 
would  upset,  thereby  nullifying  the  first  upset.  The  net  result  is  that  no 
upset  would  be  detected  by  the  tester. 

The  reason  for  this  window  effect  was  that  our  laser  was  emitting  two 
pulses,  separated  in  time  by  a  few  microseconds.  The  voltage  to  the 
flashlamps  was  too  high  and,  by  reducing  it  slightly,  only  a  single  pulse 
was  emitted,  which  eliminated  the  effect.  Thus,  our  explanation  was  essen¬ 
tially  correct,  except  that  it  was  the  second  pulse  that  produced  the  upset, 
although  the  mechanisms  invoked — diffusion  of  charge  to  an  adjacent 
transistor — ^were  essentially  correct.  From  our  experience,  it  would  be  ad- 


Table  7.  Relative 
upset  thresholds  for 
transistors  in  four 
different  cells  in  64K 
SRAM. 


Transistor 

275 

752 

3775 

856 

"0" 

1.0 

1.0 

1.1 

1.1 

712  "1" 

1.1 

1.1 

1.1 

1.1 

PTT" 

3.0 

3.1 

3.8 

2.8 

P2"0" 

3.3 

3.8 

3.4 

2.9 
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visable  to  monitor  the  laser  output  to  determine  whether  there  are  one  or 
two  pulses  being  emitted. 


6.1.2 


Figure  6.  Layout  of 
SRAM  cell  showing 
polysilicon  lines 
(AA')  and  (BBO, 
drains  of  two  «- 
chaimel  and  two  p- 
channel  transistors, 
implanted  connection 
to  (dotted  lines), 
and  positions  where 
focused  laser  spot  was 
placed  for 
determining  spatial 
dependence. 


Spatial  Effects 

The  role  of  charge  diffusion  in  causing  SEU  was  also  investigated  by  focus¬ 
ing  the  laser  spot  on  various  positions  outside  the  sensitive  drains  and  in¬ 
creasing  the  energy  until  an  upset  occurred.  Whether  an  upset  actually  oc¬ 
curred  depended  on  both  the  position  of  the  laser  spot  and  the  information 
stored  in  the  cell,  i.e.,  whether  the  cell  contained  a  "1"  or  a  "0." 


Figure  6  shows  the  layout  of  the  cell.  The  dependence  of  the  upset  thresh¬ 
old  on  both  the  position  of  the  laser  spot  and  the  data  loaded  into  two  ad¬ 
jacent  memory  cells  is  summarized  in  table  8.  The  behavior  for  the  two 
cells  is  complementary  because,  as  pointed  out  above,  even  though  they 
contain  the  same  data,  their  "word"  lines  are  interchanged  so  that  the  op¬ 
posite  pair  of  transistors  is  sensitive. 


With  the  laser  focused  at  a  s)Tnmetric  location  (position  1)  with  respect  to 
the  four  transistors  in  cell  3724,  an  upset  was  registered  for  a  laser  energy 
four  times  greater  than  that  needed  to  upset  transistor  directly  when  the 
cell  was  loaded  with  a  "0."  In  contrast,  when  the  cell  was  loaded  with  a 


Table  8.  Spatial  and 
data  dependence  of 
upsets  for  two  cells. 


Position 

Cell  3724 

Position 

CeU  1676 

"0" 

"0" 

"1" 

1 

Upset 

No  Upset 

1 

No  upset 

Upset 

2 

Upset 

Upset 

2 

Upset 

Upset 

3 

Upset 

Upset 

3 

Upset 

Upset 
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"1,"  it  did  not  upset,  even  at  energies  ten  times  higher.  In  this  case  the  p- 
channel  transistors  cannot  upset  because  they  are  isolated  from  the  laser 
charge  track  by  the  n-well/substrate  junction.  Because  the  position  of  the 
laser  is  symmetrically  located  with  respect  to  the  two  n-channel  transistor 
drains,  there  should  be  no  difference  in  the  upset  levels  when  the  memory 
cell  is  loaded  with  a  "0"  or  a  "1."  Evidently  another  factor  determines 
whether  the  cell  will  upset,  and  we  speculate  that  it  is  the  potential  on  the 
metal  interconnect  that  lies  between  the  laser  spot  and  the  drains  of  the 
two  transistors.  That  potential  depends  on  the  data  in  the  cell.  The  poten¬ 
tial  gives  rise  to  a  lateral  field  in  the  low-doped  p~  region  that  separates  the 
electrons  and  holes,  driving  the  electrons  towards  the  drain  of  when  a 
"0"  is  written  to  the  cell  and  the  potential  on  the  interconnect  is  high.  Col¬ 
lection  of  the  electrons  at  the  drain  of  results  in  an  upset.  Conversely,  for 
a  "1"  loaded  in  the  cell,  the  electric  field  is  in  the  opposite  direction  and 
hinders  the  flow  of  electrons  to  the  drain  of  ^2  /  thereby  inhibiting  an 
upset. 

6.1.3  Multiple  Upsets 

Multiple  upsets  at  higher  laser  energies  were  also  observed.  Figure  7 
shows  the  physical  locations  of  the  memory  cells  of  interest.  When  all  the 
cells  were  loaded  with  "0"  and  the  light  was  focused  on  position  1  of  cell 
3724,  upsets  occurred  in  cells  3724, 1676,  3716,  and  1668.  However,  when 
all  cells  were  loaded  with  "1"  and  the  laser's  position  and  energy  were  un¬ 
changed,  upsets  occurred  in  cells  645  and  653.  Cell  3724,  the  one  that  was 
actually  being  probed  by  the  laser  light,  did  not  upset.  Significantly  in¬ 
creasing  the  laser  energy  did  not  change  the  upset  pattern. 

6.1.4  Timing  Effects 

We  observed  timing  effects  when  doing  the  upset  measurements.  The  soft¬ 
ware  used  to  test  the  circuit  has,  as  an  option,  a  mode  in  which  the  tester 
strobes  only  the  cell  being  irradiated  by  the  laser.  In  this  mode,  the  tester 
continuously  writes  to  the  cell,  reads  the  cell,  and  checks  to  see  that  the 
data  it  reads  is  the  same  as  the  data  it  wrote  to  the  cell.  If  the  two  differ,  it 
reports  an  upset  by  writing  the  address  and  contents  of  the  upset  to  the 
screen  and  rings  a  bell.  It  then  rewrites  the  original  data.  If  no  difference  is 
detected,  it  reads  the  cell  again.  The  testing  cycle  is  controlled  by  the  clock 
in  the  tester,  which  is  totally  separate  from  the  laser.  The  clock  has  a  fre¬ 
quency  of  about  13  Hz  and  the  laser  fires  at  10  Hz. 


Figure  7.  Bitmap 
showing  addresses  of 
cells  surrounding  cell 
3724. 
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When  testing  a  particular  transistor  in  the  memory  cell,  we  noticed  that  at 
times  the  cell  would  not  upset,  in  spite  of  the  fact  that  the  amount  of  en¬ 
ergy  deposited  in  the  sensitive  area  was  well  above  that  needed  to  produce 
an  upset.  We  suspected  that  this  may  occur  if  the  laser  pulse  arrives  when 
the  pass  transistors  are  conducting  during  reading  or  writing  of  the  cell. 
With  the  pass  transistors  conducting,  a  large  capacitance  is  added  to  the 
sensitive  node  being  tested  that  "sinks"  the  charge  generated  by  the  laser 
light  and  so  inhibits  upsets.  Because  the  circuit  clock  and  the  laser  were  not 
synchronized,  the  effect  occurred  only  when  the  laser  pulse  arrived  at  the 
same  time  the  pass  transistors  were  conducting. 

This  explanation  was  confirmed  by  an  experiment  in  which  we  wrote  to 
the  cell,  irradiated  it  with  the  laser,  and  then  read  it  in  sequence.  At  no 
time  did  a  pulse  of  laser  light  arrive  when  the  transistors  were  turned  on. 
Using  this  method,  we  were  unable  to  observe  any  pulses  larger  than  the 
threshold  that  did  not  cause  upset. 

In  conclusion,  we  have  demonstrated  that  the  laser  can  be  used  to  test  64K 
SRAMs  for  SEU  sensitivity,  and  that  one  can  obtain  a  great  deal  of  infor¬ 
mation  on  timing  sensitivity  issues. 

GaAs  Logic  Circuit 

The  usefulness  of  the  pulsed  laser  for  SEE  testing  is  illustrated  by  a  study 
we  performed  of  upsets  generated  in  a  GaAs  logic  circuit.  The  circuit  was 
manufactured  using  1.25-|im  MESFET  technology  that  is  known  to  be  very 
sensitive  to  SEU,  with  an  upset  threshold  of  1  MeV-cm^/mg  [28].  The 
GaAs  logic  design  was  implemented  to  show  that  replacing  silicon  circuits 
with  GaAs  circuits  in  a  computer  destined  to  be  operated  in  space  would 
reduce  the  computer's  size  and  weight  and  also  increase  its  speed.  At  the 
time  the  circuit  was  being  designed,  it  was  believed  that  it  was  necessary 
to  harden  only  the  registers  where  the  data  was  stored  for  relatively  long 
periods  of  time.  No  effort  was  made  to  harden  any  other  part  of  the  circuit. 

An  initial  design  consisted  of  some  test  structures  that  were  evaluated 
both  with  an  ion  beam  and  a  pulsed  laser  beam  to  determine  the  critical 
charge  for  upset.  Modeling  was  also  done  to  determine  the  critical  charge 
theoretically.  The  critical  charge  obtained  from  ion-beam  testing  was  64  fC, 
and  from  pulsed  laser  testing  it  was  60  fC.  The  theoretical  value  was  48  fC. 
Both  the  ion  and  laser  data  indicated  a  very  small  critical  charge,  meaning 
that  the  registers  would  be  very  sensitive  to  upsets  if  no  measures  were 
taken  to  harden  them. 

Because  the  registers  were  so  sensitive  to  upsets,  special  designs  were  in¬ 
corporated  to  improve  their  SEU  immunity.  Figure  8  shows  the  layout  of 
the  circuit  in  which  the  data  are  stored  in  pipeline  registers  1, 2,  and  3.  The 
scheme  involved  writing  each  bit  of  data  into  three  identical  pipeline  regis¬ 
ters  that  were  physically  separated  from  each  other  to  minimize  the  prob¬ 
ability  of  a  single  ion  producing  upsets  in  more  than  one  of  the  registers. 
The  data  were  majority  voted  on  each  clock  cycle  and  the  output  fed  back 


Figure  8.  Schematic  of 
one  pipeline  register 
designed  for  SEU 
immunity  by  using 
majority  voting  and 
scrubbing. 


into  the  input.  The  gates  in  the  feedback  loop  are  marked  4  to  9.  Hence,  if 
an  upset  occurred  in  a  single  register,  the  output  would  still  be  valid  and 
upon  rewriting  the  data,  the  disturbed  data  in  would  be  corrected.  How¬ 
ever,  if  two  cells  upset,  the  data  would  be  incorrect.  By  rewriting  the  data 
into  the  registers  on  every  clock  cycle,  the  data  would,  presumably,  be  cor¬ 
rected  before  two  of  the  three  registers  upset.  Thus,  for  sufficiently  high 
fluxes,  two  upsets  could  occur  at  low  clock  frequencies,  and  the  problem 
could  be  eliminated  merely  by  increasing  the  frequency.  Therefore,  at  high 
fluxes,  the  number  of  upsets  should  decrease  as  the  frequency  increases. 

Tests  at  Brookhaven  National  Laboratory  did  indeed  show  that  as  the  fre¬ 
quency  increased,  the  number  of  upsets  decreased.  However,  above  a  cer¬ 
tain  frequency  that  depended  on  the  flux,  the  number  of  upsets  started  to 
increase  with  frequency.  Apparently,  some  other  mechanism  is  respon¬ 
sible  for  those  upsets. 

The  pulsed  laser  was  used  to  test  not  only  the  registers,  but  also  all  other 
possible  sensitive  gates  that  might  be  the  source  of  upsets.  Results  indicate 
that  all  the  gates  in  the  feedback  path  are  sensitive  to  upset  because  the 
feedback  loop  is  connected  to  the  inputs  of  all  three  registers.  However, 
those  gates  are  only  sensitive  to  upset  if  the  pulse  arrived  just  before  the 
clock  voltage  switched  from  low  to  high.  If  it  arrives  after  the  clock  has 
switched,  no  upsets  occur.  For  our  original  measurements,  the  clock  and 
the  firing  of  the  laser  were  not  synchronized.  Therefore,  a  long  time  was 
needed  to  measure  the  threshold,  because  upsets  occurred  only  when  the 
laser  arrived  just  as  the  clock  voltage  was  switching. 

In  order  to  measure  the  exact  time  during  which  the  nodes  in  the  feedback 
loop  are  sensitive,  we  used  a  trigger  from  the  laser  to  trigger  the  clock  and 
varied  the  delay  between  the  laser  pulse  and  the  clock.  Because  the  jitter  in 
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the  timing  was  much  less  than  a  nanosecond,  we  were  able  to  get  accurate 
measurements  of  upset  threshold  with  respect  to  time.  We  found  that  the 
earlier  the  laser  light  arrived  with  respect  to  the  clock  voltage  toggling 
from  low  to  high,  the  greater  the  energy  needed  to  produce  an  upset.  If  the 
light  arrived  after  the  clock  had  toggled,  no  upset  would  occur.  Figure  9 
shows  a  plot  on  semilog  paper  of  the  energy  required  to  produce  an  upset 
versus  the  time  between  the  arrival  of  the  laser  pulse  and  the  clock  signal. 
The  data  fall  on  a  straight  line,  the  slope  of  which  gives  the  charge  collec¬ 
tion  time.  In  fact,  these  results  revealed  for  the  first  time  the  presence  of  a 
time  window  for  upsets  that  varies  in  width  with  LET.  Thus,  particles  with 
higher  LET  will  more  likely  produce  an  upset,  not  only  because  the  charge 
deposited  is  larger  than  the  minimum  needed  to  produce  an  upset,  but 
also  because  the  relative  amount  of  time  the  gate  is  vulnerable  increases 
with  LET.  Figure  9  also  shows  the  width  of  the  window  for  a  particular 
value  of  LET. 

The  above  two  examples  demonstrate  how  useful  the  pulsed  laser  can  be 
for  SEE  testing  of  integrated  circuits.  We  have  shown  that  the  pulsed  laser 
can  play  a  significant  role  in  the  testing  of  logic  circuits,  largely  because  of 
the  spatial  and  temporal  information  it  can  provide. 

6.3  SA3300  Microprocessor 

The  SA3300,  a  radiation-hardened  CMOS  implementation  of  the  National 
Semiconductor  16-bit  microprocessor,  is  the  basis  for  the  SPACE-16  com¬ 
puter  that  will  be  used  in  the  CRAG  and  CASSINI  space  probes.  It  was  de¬ 
signed  to  withstand  severe  radiation  environments,  including  SEU.  Two 
versions  of  the  processor  were  manufactured  and  tested;  "Rev  A"  had 
transistors  with  2-pm  channel  lengths,  and  "Rev  B"  n-  and  p-channel  tran¬ 
sistors  had  channel  lengths  of  1.75  and  1.25  pm,  respectively. 

Because  SEUs  in  logic  circuits  depend  on  software  and  are  difficult  to  char¬ 
acterize,  SEU  testing  of  the  SA3300  was  limited  to  measuring  upset  thresh- 
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olds  in  the  general-purpose  registers.  Ion  data  showed  that  the  upset 
threshold  for  Rev  A  registers  filled  with  "I's"  was  much  lower  (35  MeV- 
cm^/mg)  than  when  they  were  filled  with  "O's"  (83  MeV-cm^/ mg).  Upset 
thresholds  for  registers  in  Rev  B  exhibited  a  smaller  asymmetry  and  lower 
values. 

The  pulsed  laser  was  used  to  investigate  the  origins  of  the  asymmetry.  Fig¬ 
ure  10  shows  the  design  of  a  register  that  consists  of  two  pass  gates  (Nl/Pl 
and  N2/P2)  and  two  inverters  (N3/P3  and  N4/P4).  D  is  data  input  and 
NQ  is  data  output.  The  sensitive  nodes  are  the  drains  of  the  "off"  transis¬ 
tors.  When  a  "1"  is  stored  in  the  register,  NQ  is  high  (PI,  P4,  and  N3  are 
sensitive),  whereas  when  a  "0"  is  stored,  P3,  Nl,  and  N4  are  sensitive.  The 
low  threshold  observed  in  the  "I's"  state  cannot  be  accounted  for  by 
strikes  at  either  nodes  N3  or  P4  because  their  potentials  are  easily  restored 
through  P3  and  N4,  respectively.  PI  was  expected  to  be  more  sensitive  to 
upsets  than  either  N3  or  P4  because  node  A  is  restored  through  the 
passgate  formed  by  transistors  N2  and  P2.  This  was  confirmed  by  the  laser 
data.  Surprisingly,  the  laser  data  indicate  that  the  "on"  drains  of  transistors 
Nl  and  N2  were  more  sensitive  than  the  "off"  drain  of  PI.  Therefore,  a  dif¬ 
ferent  mechanism  was  invoked  to  explain  upsets  in  N2.  One  possible 
mechanism  was  a  positive-going  photocurrent  pulse  generated  in  a  verti¬ 
cal  bipolar  transistor  formed  by  the  tt-channel  source/ drain  regions, 
the  p-well,  and  the  underlying  epilayer.  This  type  of  mechanism  was  pre¬ 
viously  observed  and  termed  the  "shunt"  effect.  Because  the  computer 
code  used  to  model  upsets  in  the  latch  showed  that  strikes  to  N2  required 
three  times  more  energy  than  strikes  to  N3  and  P4,  additional  work  needs 
to  be  done.  In  particular,  these  results  suggest  that  the  model  of  the  shunt 
effect  on  which  the  computer  code  is  based  needs  to  be  refined  to  more  ac¬ 
curately  predict  upset  levels  involving  the  shimt  effect. 

The  upset  thresholds  measured  with  ions  are  established  by  the  upset  lev¬ 
els  of  the  most  sensitive  transistors  when  a  "0"  or  a  "1"  is  stored  in  the 
latch.  With  a  "1"  is  stored  in  the  register,  the  most  sensitive  transistor  is 
N2,  and  with  a  "0"  is  stored  in  the  latch,  the  most  sensitive  transistor  is  PI. 
As  previously  pointed  out,  the  laser  does  not  give  reliable  absolute  values 


Figure  10.  Schematic 
of  register  for  SA3300 
microprocessor. 
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of  upset  threshold.  However,  the  relative  upset  thresholds  were  compared 
with  the  ion  data.  Table  9  shows  the  upset  levels  for  both  ions  and  the  laser 
with  the  laser  data  for  "1"  in  Rev  B  set  at  the  same  value  as  the  ion  data.  All 
other  data  are  scaled  accordingly.  Except  for  "0"  stored  in  Rev  B,  the  rela¬ 
tive  values  for  the  laser  and  the  ion  exhibit  remarkable  agreement.  The  dis¬ 
crepancy  for  zero  stored  in  Rev  B  was  not  investigated  further. 

6.4  Spatial  Variation  in  Upset  Threshold 

We  used  the  pulsed  laser  to  investigate  the  intracell  and  the  cell-to-cell 
variations  in  the  upset  thresholds  for  two  different  types  of  memory 
cells — a  256  x  4  bipolar  SRAM  (93L422)  and  a  4K  CMOS  SRAM 
(HM6504RRH).  The  goal  of  this  work  was  twofold:  first,  to  identify  the  ori¬ 
gins  of  the  gradual  rise  in  the  cross-section  versus  LET  curve  and,  second, 
to  assess  the  laser  for  hardness  assurance  applications. 

The  93L422  has  large  memory  cells  designed  so  that  the  collector  covers  al¬ 
most  the  entire  cell.  Using  the  laser,  we  found  that  one  half  of  a  cell  is  sen¬ 
sitive  when  it  contains  a  "0,"  and  the  other  half  is  sensitive  when  it  con¬ 
tains  a  "1."  Furthermore,  we  determined  that  when  all  the  memory  cells 
were  loaded  with  the  same  data,  the  SEE-sensitive  region  in  each  row  was 
the  mirror  image  of  that  in  an  adjacent  row.  Thus,  the  sensitive  regions 
were  alternately  separated  by  either  just  over  a  micron  or  by  the  v/idth  of 
two  cells — more  than  100  |im. 

Figure  11  shows  the  distribution  of  the  upset  thresholds  for  102  cells  for 
which  the  laser  spot  was  positioned  on  exactly  the  same  relative  position 
in  each  cell.  The  results  show  that  there  is  a  clear  bimodal  distribution  in 
upset  threshold,  peaked  at  pulse  energies  of  206  and  235,  a  difference  of  15 
percent.  The  lower  upset  threshold  applied  to  odd  rows  and  the  upper  to 
even  rows.  Evidently,  the  cells  are  not  exactly  symmetrical.  The  standard 
deviation  is  3.76  for  the  lower  and  7.2  for  the  upper  thresholds  showing 
that  the  variation  in  upset  threshold  is  less  than  5  percent  of  the  actual 
value.  Figure  12  shows  that  the  cross-section  versus  LET  curve  rises  gradu¬ 
ally  over  more  than  an  order  of  magnitude  in  LET,  suggesting  that  the  cell- 
to-cell  variation  cannot  explain  the  dependence  of  cross-section  on  LET.  In 
fact,  analysis  shows  that  the  variation  would  have  to  be  about  200  percent 
in  order  to  account  for  the  gradual  rise  in  cross-section.  On  the  other  hand, 
the  intracell  upset  threshold  exhibited  a  large  spatial  variation,  large 
enough  to  account  for  the  shape  of  the  cross-section  versus  LET  curve. 


Table  9.  Upset 
thresholds  (MeV- 
cm  /mg)  for  ion  and 
laser  tests  on  Rev  A 
and  Rev  B  versions 
SA3300. 


Logic  state 

Rev  A 

Rev  B 

Ion  Laser 

Ion  Laser 

I's 

35  30 

23  23 

O's 

83  95 

30  54 

Upset  value  for  1  's  stored  in  Rev-  B  registers  and 
measured  with  laser  was  scaled  to  ion  value.  All 
other  values  were  scaled  accordingly. 
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Legend 

^  Mean  =  206,  o  =  3.75 
^  Mean  =  235,  o  =  7.2 


Figure  12.  Cross- 
section  as  function  of 
LET  for  93L422, 
showing  gradual  rise 
of  cross-section  with 
LET. 


For  comparison  purposes,  the  HM6504RRH  was  also  tested  for  upset  uru- 
formity  because  a  previous  report  had  claimed  that  the  upset  threshold 
varied  significantly  across  the  chip  due  to  difficulty  in  maintaining  unifor¬ 
mity  across  chips  of  the  resistance  of  polysilicon  decoupling  resistors  [7]. 
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The  chip  manufacturer  assured  us  that  the  uniformity  problem  had  been 
solved,  and  our  results  agree  with  their  prediction.  Figure  13  shows  the 
values  of  the  upset  thresholds.  Their  average  energy  for  upset  was  259  (ar¬ 
bitrary  units)  with  a  standard  deviation  of  9.9,  which  is  a  3.8  percent  varia¬ 
tion  in  the  cell-to-cell  upset  threshold.  Within  the  drain  itself,  we  found  a 
much  larger  variation  (from  261  to  around  500)  than  the  cell-to-cell  varia¬ 
tion.  The  intracell  variation  in  the  case  of  the  HM6504RRH  is  significantly 
less  than  that  observed  for  the  93L422,  and  this  result  is  consistent  with  the 
much  sharper  rise  in  the  cross-section  versus  LET  curve  for  the 
HM6504RRH. 

The  fact  that  consistent  results  could  be  obtained  for  cell-to-cell  upset 
thresholds  if  the  identical  location  is  selected  in  each  cell,  implies  that  the 
pulsed  laser  can  be  used  for  hardness  assurance  measurements.  It  should 
be  noted  that  these  results  are  for  memories  where  the  sensitive  areas  are 
much  larger  than  the  beam  size.  It  has  not  yet  been  determined  whether 
the  technique  could  be  used  for  devices  where  the  open  areas  are  smaller 
or  comparable  to  the  size  of  the  beam.  Further  work  in  this  regard  should 
be  undertaken. 

These  results  demonstrate  that  the  laser  is  a  useful  tool  for  uncovering  SEU 
phenomena,  such  as  the  presence  of  the  shunt  effect,  and  is  also  capable  of 
providing  relative  upset  thresholds. 


Figure  13. 

Distribution  of  upset 
thresholds  for 
HM6504RRH  SRAM. 
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7.  Lessons  Learned 


From  our  experience  testing  numerous  circuits  for  SEE,  we  have  distilled 
the  following  lessons: 

•  A  good  understanding  of  the  circuit  layout  and  operation  is  essential  for 
doing  measurements  with  the  pulsed  laser.  SRAMs  are  not  too  compli¬ 
cated  to  decipher  without  a  diagram  of  the  layout.  However,  logic  circuits 
contain  many  different  functional  components  that  must  be  understood 
before  testing  can  be  done. 

•  Circuits  with  large  open  areas  free  of  metal  are  easy  to  test  because  it  is 
simple  to  position  the  laser  on  the  sensitive  area.  Circuits  with  sensitive 
areas  covered  by  metal  can  still  be  tested  by  placing  the  beam  next  to  the 
sensitive  area.  However,  upset  thresholds  cannot  be  accurately  measured 
using  this  technique. 

•  The  laser  should  be  checked  for  proper  operation,  i.e.,  it  should  emit  only 
one  pulse  that  has  a  pulse  width  much  shorter  than  the  response  time  of 
the  circuit. 

•  A  great  deal  of  electromagnetic  noise  is  emitted  by  the  power  supply  for 
some  Q-switched  lasers,  which  may  interfere  with  the  measurements.  Care 
should  be  taken  to  isolate  the  noise  by  using  some  form  of  Faraday  cage,  or 
by  using  short  shielded  cables. 
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8.  Perspectives 

A  combination  of  ion  beams,  pulsed  lasers  and  Californium  is  perhaps  the 
ideal  way  of  doing  SEE  testing.  The  main  disadvantage  of  Californium  is 
that  the  ions  emitted  have  a  small  range  and,  therefore,  are  limited  with 
respect  to  SEE  testing.  Lasers  and  accelerators  can  supply  complementary 
information  about  SEE  in  integrated  circuits.  A  laser  will  never  replace  ac¬ 
celerator  testing,  but  it  can  be  used  as  a  diagnostic  tool  and  for  SEE  hard¬ 
ness  assurance.  The  laser's  usefulness  may  be  limited  as  the  minimum  fea¬ 
ture  size  of  circuits  decreases. 

Circuits  must  be  designed  with  open  areas  on  sensitive  transistors  if  SEE 
testing  is  anticipated.  This  may  be  difficult  to  achieve,  given  the  complex¬ 
ity  of  current  circuits  that  contain  multilevel  metal  interconnects. 

Pulsed  lasers  will  find  use  in 

•  diagnostic  testing, 

•  hardness  assurance  testing, 

•  testing  of  multichip  modules  covered  with  thick  dielectrics, 

•  generating  bit  maps  for  understanding  multiple  upset, 

•  charge-collection  measurements, 

•  time-dependent  effects, 

•  testing  circuits  with  large  upset  thresholds  (>100  MeV-cm^/mg), 

•  validation  of  ED  AC  schemes,  and 

•  validation  of  software  used  for  identifying  SEE  before  accelerator  testing. 

The  biggest  potential  for  pulsed-laser  testing  is  for  logic  circuits  that  con¬ 
tain  many  different  functional  components  whose  SEE  sensitivity  depends 
on  their  dynamic  state.  It  will  also  be  of  tremendous  use  in  multichip  mod¬ 
ules  that  cannot  be  tested  with  ion  beams  because  of  the  thick  dielectric 
layer  that  covers  the  chip  and  prevents  accelerator  ions  from  reaching  the 
circuit. 

The  effects  of  such  mechanisms  as  two-photon  absorption,  free-carrier  ab¬ 
sorption,  and  bandgap  renormalization  can  be  neglected  if  one  selects  the 
appropriate  wavelength. 

The  pulsed  laser  does  not  give  accurate  values  for  the  upset  thresholds  be¬ 
cause  the  charge  tracks  produced  by  ions  and  by  laser  beams  are  very  dif¬ 
ferent.  In  addition,  the  upset  threshold  varies  spatially  in  the  sensitive 
areas,  and  the  location  of  the  area  most  sensitive  to  upsets  may  be 
obscured  by  metallization. 
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9.  Conclusions  and  Recommendations 


9.1  Conclusions 

From  the  above  discussion,  one  can  conclude  that  the  pulsed  laser  is  a  very 
useful  technique  for  SEE  evaluation  of  integrated  circuits,  particularly  for 

•  hardness  assurance  where  changes  in  upset  levels  can  easily  and  inexpen¬ 
sively  be  measured; 

•  diagnostic  tests  in  circuits  that  do  not  exhibit  the  expected  SEU  upset  level, 
particularly  circuits  with  special  designs  for  enhancing  SEU  immunity; 

•  testing  of  logic  circuits  for  isolating  the  locations  of  SEUs  and  their  depen¬ 
dence  on  the  code  being  used;  and 

•  testing  multichip  modules  that  cannot  be  tested  with  an  ion  beam  because 
of  the  thick  dielectric  layer  covering  the  circuit. 

However,  pulsed-laser  testing  will  not  replace  ion-beam  testing  com¬ 
pletely  because 

•  the  pulsed  laser  cannot  be  counted  on  to  provide  accurate  LET  threshold 
values  for  a  circuit  without  the  ion  data; 

•  some  circuits  with  multilevel  metal  interconnects  have  all  their  sensitive 
nodes  obscured  with  metal,  making  it  difficult  to  probe  the  circuit  with 
light;  and 

•  as  the  minimum  dimensions  of  circuits  drop  below  1  pm,  reliable  measure¬ 
ments  will  be  more  difficult  with  a  beam  having  a  diffraction-limited  di¬ 
ameter  of  1.0  pm. 

9.2  Recommendations 

Our  recommendations  are 

•  Manufacturers  of  SEE-immvme  integrated  circuits  should  have  a  pulsed  la¬ 
ser  testing  facility  available  for  routine  testing  of  parts.  The  cost  is  not  great 
(~$135K),  and  it  can  save  expense  and  time  by  avoiding  some  accelerator 
testing. 

•  To  facilitate  pulsed-laser  testing,  every  effort  should  be  made  to  design  the 
circuits  with  the  sensitive  nodes  as  free  of  metal  as  possible. 

•  The  system  should  be  automated  to  reduce  the  tedium  of  taking 
measurements. 

•  A  person  knowledgeable  in  running  a  pulsed  laser  system  should  be  in 
charge  of  the  equipment,  making  sure  that  the  laser  is  in  proper  operating 
condition. 
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